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Abstract of Thesis 
 
Ignited by the isolation and characterisation of graphene by Geim and Novoselov 
in 2004, the field of two dimensional (2D) materials has become a very popular and 
widely researched topic. One particular class of 2D materials, known as transitional 
metal dichalcogenides, has attracted notable attention due to their diverse properties 
and natural abundance; in particular molybdenum disulphide (MoS2) which has a 
suitable bandgap for electronic and optical applications and very high stability in 
ambient air. 
The preparation and synthesis of 2D MoS2 play a very significant role as the 
quality ultimately determines the properties. As such, tremendous efforts have been 
invested into optimising the synthesis and exfoliation procedure of MoS2 that have 
resulted in numerous processes and techniques; each having their own advantages and 
disadvantages. Of these processes, the most efficient and least invasive are 
ultrasonication assisted liquid exfoliation methods. However, despite abundant studies 
deeming N-methyl-pyrrolidine as the most efficient and highest yielding solvent for 
liquid exfoliation, the main drawback is the presence of solvent residues on the 2D 
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MoS2 even after extensive post processing. The presence of these residues have 
proven detrimental to the applications involving 2D MoS2 as it has negative effects on 
the properties and an alternative exfoliation solvent should be sought.   
To broaden the versatility of 2D MoS2 in electronics and optics, development of 
controllable doping or functionalisation methods is highly sought after. Traditional 
functionalisation methods for the next-generation electronics and optics, such as 
diffusion-based doping, are unsuitable for 2D materials as it leads to unavoidable 
damages to the crystal structure. However, to increase versatility and enhance 
chemical and electrical properties of MoS2, functionalisation chemistries more 
commonly used for organic molecules and surfaces may enable anchoring of dopants 
through surface and edge defects. Additionally, the surface physisorption strategies 
have also not been fully examined for such manipulations. 
In recent studies, efforts into the functionalisation of 2D materials using organic 
chemistries have been explored with a main focus on mono to multilayer 2D MoS2 
and other transitional metal dichalcogenides. These studies have shown that an 
enhancement of photoluminescence occurs, but comprehensive understanding of the 
mechanism and band alignment is still lacking. The molecules that are utilised in 
these experiments are often large and have intricate structures, i.e. having conjugated 
networks, having electron donating and withdrawing groups simultaneously on the 
same molecule, as well as many other issues, and these makes it difficult to pinpoint 
the interaction and mechanism of the 2D material and the functionalisation agents.  
The objectives of this Ph.D. research are divided into two areas. First, was to 
review current exfoliation methods of 2D materials, with a focus on liquid exfoliation 
methods and then to offer an alternative solvent for ultrasonication assisted 
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exfoliation of 2D MoS2. Moreover, in an attempt to increase the yields and to 
intentionally introduce defects to the surface for a future purpose, a grinding step was 
incorporated into the exfoliation process. By a comparative evaluation of organic 
solvents to N-methyl-pyrrolidine, the Ph.D. candidate revealed that alternative 
solvents, such as acetonitrile, cyclohexane and hexane, were all compatible for the 
efficient exfoliation of 2D MoS2 via ultrasonication. Via comprehensive 
investigations in this research, assessment of the samples produced with the 
aforementioned solvents revealed that the grinding step had a significant role in 
determining exfoliation yield, flake dimensions and morphology and highlights the 
importance of such parameters in the process, which had been poorly understood or 
ignored prior to this Ph.D. research.  
The second objective of this research was to develop a facile method to 
functionalise MoS2 through both covalently, with a variety of simple thiols, and 
through physisorption, with a porphyrin, in two separate investigations. The electronic 
behaviour of the modified 2D MoS2 was then examined and the energy band 
structures were constructed using various characterisation methods. For the former 
investigation, a variety of thiols, possessing different aromatics and carbon chain 
lengths, were used and were shown to anchor to the 2D MoS2 nanoflakes through 
defect sites via the S-H bond. The magnitude of the energy band shifts and Fermi 
levels were found to be highly dependent on the Lewis basicity of the thiol added, but 
had no effect on bandgap which remained constant in each sample. The addition of 
the thiols to the surface allowed for tuning of the electronic band structure of the 2D 
MoS2 enabling specific tailoring of the electronic and optical properties for desired 
purposes. 
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Following this study, and intrigued by the interactions between the aromatic thiols 
and 2D MoS2, functionalisation utilising a porphryin was examined. The attachment 
of the porphyrin was through physisorption on to the surface and not through covalent 
bonding. Charge transfer between the dye and the semiconducting substrate was 
observed and was suggested to occur through a hot injection process, despite having 
previously reported to be forbidden. This finding can prove valuable for numerous 
applications such as sensors and fluorescent probes.  
In conclusion, this Ph.D. research resulted in several new advances in the field of 
2D materials and the methods and outcomes presented here will serve as a 
fundamental basis for future investigations to further the exfoliation and 
functionalisation processes of these materials. 
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Chapter 1 
1.1 Motivations 
Ignited by the isolation and characterisation of graphene in 2004 by Geim and 
Novoselov, tremendous efforts have been invested into the isolation and 
characterisation of other layered materials; deemed two dimensional (2D) materials. 
Amongst these materials, rising attention has been given to a family called the 
transitional metal dichalcogenides (TMDs).(2-5) Within this family, research has been 
mainly focused on molybdenum disulphide (MoS2) due to its natural abundance (6-8) 
and, in particular, the unique properties it possesses when exfoliated into its 2D form 
when compared to its bulk counterpart. (9-11)  
As these properties are layer and size dependant, the method of exfoliation plays 
an important role and various methods have been developed and explored.(12)  While 
mechanical exfoliation techniques, such as the scotch tape method, results in high 
quality 2D MoS2, these techniques are limited due to the poor scalability and low 
yields. 2D materials produced via these methods, however, are very suited for 
fundamental studies as they result in near pristine crystal structures.(13)  
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A common, and widely, explored alternative is liquid phase exfoliation. Although 
the flake dimensions produced via these methods are not highly controllable, the 
resulting yields have been recorded as one of the highest to date and ease of 
scalability of these processes makes these techniques very attractive for industrial 
purposes.(14) Generally, there are two main approaches for liquid phase exfoliation, 
ion intercalation and ultrasonication assisted exfoliation.(15)  
One of the most common ion intercalation approaches involves the intercalation 
of lithium ions (Li+) in the interlayer space of the bulk material, followed by an 
immersion of the resulting compound in water. A rapid chemical reaction occurs, with 
the assistance of sonication, and the 2D material is exfoliated. However, it was found 
that the harsh conditions led to defects and the introduction of phase impurity in the 
synthesized 2D MoS2 flakes, which alter the electronic and physical properties of the 
product. (16) Additionally, the educts used in such processes, especially n-butyl 
lithium, are highly flammable and explosive, posing health hazards and complicating 
the upscale of such processes to industrial quantities. An alternative approach uses the 
electrochemical intercalation of the ions, avoiding the use of dangerous chemicals. 
Unfortunately, this method results in low yields, thus defeating the purpose.(17)  
A more favourable approach to liquid exfoliation is ultrasonication assisted 
exfoliation as it does not involve any chemical reactions, is  quite simple to conduct 
(in terms of set up and apparatus) and has shown comparable yields.(18)  The most 
integral part of this method is the matching of the exfoliation solvent to the material 
being exfoliated. Numerous studies and first principle investigations have examined 
various properties to determine the underlying mechanism for the best possible 
solvent match to each layered material.(19) These studies, although not definite, have 
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concluded that physicochemical parameters, such as viscosity(20), solubility(21), 
boiling points and polarity(9) need to be considered to result in the most effective 
exfoliation. To date, N-methyl-pyrrolidine (NMP) has been eminently named as the 
most effective solvent for MoS2 exfoliation. However, one major limitation of NMP is 
the presence of solvent residues even after extensive post-processing. The presence of 
these residues is detrimental to many applications where clean and pristine surfaces 
are necessary. Additionally, due to the violent nature of the exfoliation process, near 
perfect and pristine surfaces are hard to obtain and the exfoliated materials often 
contain surface and edge defects in the form of atom vacancies and grain boundary 
defects.   
While these defects are unfavourable, their presence is not entirely redundant. 
Specifically, surface defects on MoS2 have been identified as the active catalytic sites 
in MoS2 and the increased reactivity arises from unpaired electrons along the flake 
edges and lattice defects in the planar surface of 2D MoS2.(22) Furthermore, these 
defects have been identified as potential synthetic targets for surface modification and 
functionalization.(23, 24) The functionalization of MoS2 is essential for many other 
applications in order to tune or add the desired properties to the material.(25) Due to 
the nature of 2D materials, many of the conventional doping and functionalisation 
techniques that are widely used in electronics cannot be implemented.(3) As such, 
fundamental techniques used in surface and organic chemistry have been explored 
and can offer solutions or methods to functionalise the 2D materials effectively. 
Recently, numerous studies have reported the functionalisation of 2D MoS2 with 
organic molecules, where large complicated dopant molecules are often used.(23, 26, 
27) As such, an in depth understanding of the electron exchange between the 2D 
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MoS2 and the dopant is still lacking, as pinpointing the exact chemical functional 
group responsible is a very arduous task.  
Considering the two aforementioned research gaps, this Ph.D. research aims to 
address these limitations in order to: 
1) Find an alternative exfoliation solvent that results in clean exfoliated material 
containing the lowest surface residues while still maintaining high yields by 
incorporating an additionally grind step to the ultrasonication exfoliation 
process.  In this initial investigation, common organic solvents are 
implemented and are selected on the basis of their boiling points and surface 
tensions. And,  
2) To develop a facile method for the functionalisation of 2D MoS2 through, both 
with and without, surface defects created during the vigorous ultrasonication 
processes. The electronic properties of the functionalised 2D MoS2 will be 
carefully evaluated in order to discover the fundamental interactions and 
mechanism of electron exchanges and the effects on energy bands after the 
modifications. In two separate investigations, either simple organic thiols or 
metal-free porphyrins will be implemented. The thiols will be covalently 
bound to the surface of the 2D MoS2 through the defect sites, while the 
porphyrins will be anchored onto the surface by means of van der Waals 
forces. In both instances, charge transfers between the organic molecule and 
the semiconducting material will be investigated.  
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1.2 Objectives 
1.2.1 Investigation of two-solvent grinding assisted liquid phase 
exfoliation of layered MoS2 
The common challenges faced for ultrasonication assisted exfoliation is not only 
for obtaining a high yielding process, but also one that does not alter or interfere with 
the unique properties of the exfoliated material. Coleman et al. have compiled a list of 
many solvents and have evaluated their suitability for the sonication exfoliation of 2D 
materials.(10, 28) Theoretical modelling studies have shown that the energetic cost of 
exfoliation between the solvent and the material are required to be minimised.(10) It 
was found that successful exfoliation was only achieved using solvents that had 
surface tensions close to that of 40mJ/m2. The most effective solvent was found to be 
NMP.(21) As a result, NMP has been the solvent of choice used in the majority of 
published research. However, NMP is difficult to remove due to a relatively high 
boiling point despite relatively high yields are obtained. The complete removal of the 
process solvent is imperative to many applications, especially for the fabrication of 
novel sensors and catalysts which is reliant on the availability of large and pristine 
surface areas.  
In a preliminary study for this Ph.D. research, the author will investigate 
numerous organic solvents for the exfoliation of 2D MoS2, in pursuit of a residual-
free solvent. The method of exfoliation will be adopted to incorporate a grinding step 
prior to the sonication step to introduce defects to the surface as well as increase the 
overall yield.  Many solvents will be investigated based on their boiling points and 
surface tension.  
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1.2.2 Electronic tuning of 2D MoS2 through surface 
functionalization 
As traditional electronic methods of functionalisation, such as dopant diffusion, 
cannot be applied to 2D materials, other approaches have been sought and 
implemented such as surface and organic chemistries. Recently reported, the addition 
of various synthetic ligands to the surface of 2D MoS2 via surface defects has shown 
promising results for biological applications.(24) In this study, it was shown that the 
electrokinetic potential was altered upon the addition of the ligands; however a 
mechanism of the change was not reported. This may be due to the complicated 
nature of the ligands, making it difficult to pinpoint the exact functional group causing 
the new-found effects.  
In this Ph.D. research, to observe the effects of certain functional groups, simple 
thiols possessing various functionalities will be covalently bound to the surface of 2D 
MoS2 via the surface and edge defects. Functionalization will be explored and 
characterised via attenuated total reflectance infrared spectroscopy (ATR-IR) and x-
ray photoelectron spectroscopy (XPS). The electronic band structure of the modified 
MoS2 will be studied using photoelectron spectroscopy in air (PESA), 
photoluminescence (PL) and valance band XPS analysis. The electronic structures 
will be constructed to evaluate the energy band alignments of the modified 2D MoS2 
and photoinduced charge transfer behaviour will be examined and characterised. 
1.2.3 Investigation of Phthalocyanine-Functionalised MoS2 
Nanosheets 
In an effort to demonstrate the functionalisation via the basal plane, metal free 
phthalocyanine, an organic dye commonly used in solar cells(29), will be added to the 
surface of 2D MoS2. Unlike that of the thiols, the dye does not contain any thiol 
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groups or any dangling bonds and therefore will not covalently bond to the surface of 
the semiconductor. The dye, through van der Waal forces, will be affixed parallel to 
the basal plane of the 2D MoS2 (by physisorption) and the charge transfer behaviour 
between the dye and the semiconductor will be observed. PESA, PL and XPS 
spectroscopy will be used to enable calculations and constructions of an energy 
diagram and a mechanism of the charge transfer will be proposed.  
1.3 Thesis Organisation 
The primary objectives of this Ph.D. research are to (a) develop an understanding 
about the choice of solvent in ultrasonication assisted exfoliation methods and (b) 
evaluate the electronic and optical properties of 2D MoS2 after functionalisation with 
selected organic molecules.  
Chapter 2 of this thesis presents a review on the current literature and research 
available in the field of 2D materials, namely in regards to 2D MoS2. Following this 
review, in Chapter 3, alternative exfoliation solvents for the production of clean 2D 
MoS2 will be discussed and the incorporation of a grinding step to the exfoliation 
process will also be examined. This preliminary study is essential as clean surfaces 
with no chemical residues are required for this Ph.D. thesis.  
In Chapter 4 the outcomes of the investigation for tuning the electronic properties 
of functionalised 2D MoS2 will be demonstrated. Here, 2D MoS2 nanosheets will be 
functionalised with simple organic thiols, possessing various functionalities and will 
be bound covalently via defect sites. The electronic effects will be assessed in two 
scenarios; the first is with the addition of aromatic thiols to the surface and the second 
is with alkyl thiols with varying carbon chain lengths. 
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To examine the functionalisation of 2D MoS2 through the basal plane, Chapter 5 
will present the functionalisation of 2D MoS2 with a simple organic dye; metal free 
phthalocyanine. The electronic band structure will be elucidated from PESA, PL and 
XPS spectroscopies and the charge transfer between the dye and the 2D material will 
be observed. 
Finally Chapter 6 will present the overall conclusions of this Ph.D. research and 
present the possible future directions of the research. 
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Chapter 2 
Literature Review 
2.1 Introduction 
In a paper that earned them the Nobel Prize in physics in 2010, Geim and 
Novoselov had published the isolation and first comprehensive electrical 
characterisation of graphene in 2004.(30) The isolation of the single layer graphene 
sheet was simple; all it required was a bulk piece of graphite and some scotch tape. 
Motivated by the simplicity of this method, a series of reports followed that 
demonstrated other two dimensional (2D) materials could also be isolated from their 
layered bulk counterparts and, similarly, displaying dramatically different and unique 
characteristics.(10, 30-33) Ignited by this fundamental study, the field of 2D materials 
has risen in popularity over the past decade. Amongst the family of 2D materials, 2D 
transition metal dichalcogenides have emerged as one of the most popular research 
areas; especially since the first reports on the electronic properties of these materials 
based on the number of layers(34) and the demonstration of one layer transistors with 
unprecedented large on/off ratios in ambient air.(35)  
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Researchers have, so far, developed a variety of bottom up and top down synthesis 
methods for the synthesis of 2D transition metal dichalcogenides.  A brief background 
on various synthesis techniques will be presented in this chapter, leading to the first 
research topic of this Ph.D. thesis detailing the modification of the ultrasonication 
exfoliation method. The research gap in this area will be highlighted later in this 
chapter and will be addressed in the preliminary investigation.  
It has also been shown that defect sites and surface functionalisation play 
important roles in tuning physical and chemical properties of 2D transition metal 
dichalcogenides.  In this chapter, discussed are the effects of the presence of defects 
and how researchers have harnessed them for manipulating 2D transition metal 
dichalcogenides. Using these discussions, the author will identify the research 
challenges currently faced in the field and set the basis for this Ph.D. research.  
2.2 Two Dimensional Materials 
Recently, 2D nanomaterials have been one of the primary foci of materials 
research and are extensively researched for electronic, biomedical, sensor and drug 
delivery applications. Due to their nanosized thicknesses, quantum size effects play a 
prominent role in expressing the unique physical and chemical properties that are not 
observed when the material is in its bulk form. For 2D materials, the isolation of the 
layers and lack of interlayer interactions, such as van der Waal forces, are very 
important for the evaluation of their band structure and the determination of their 
band energies.(36)  
In view of the successful isolation and characterisation of graphene, the ideas and 
methods learnt from these initial studies were extended to other layered materials. 
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This is specifically true for 2D transitional metal dichalcogenides (TMDs). Similar to 
graphite, layered TMDs a can be synthesised into planes of atomic thicknesses that 
can show numerous properties unique to the 2D form when compared to the bulk 
counterparts. The primary limitation of graphene is the absence of a natural energy 
bandgap.(37) As such, its applicability for high performing electronic switches and 
other optoelectronic devices is challenged.(38) However, unlike graphene, many 2D 
TMDs are semiconductors which allow them to be incorporated or made into 
molecular-scale digital processors that are much more energy efficient, than silicon, 
due to their large on/off ratios.(39) Consequently, along with the knowledge already 
obtained regarding graphene, further research into TMDs would prove beneficial and 
complementary to closing the technological gaps left by graphene.  
2.2.1 2D Transitional Metal Dichalcogenides 
2.2.1.1 Composition 
 
Figure 2.1: In the bulk form, mono-layered TMDs are held together by weak van 
der Waals forces. 
TMDs are a class of layered materials comprised of a combination of two 
elements: a transitional metal (M), of groups 4 to 10, and chalcogens (X) such as 
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sulphur (S), selenium (Se) or tellurium (Te) and has the chemical formula of MX2. 
Although similar in atomic thicknesses, a single layer of TMD is not comprised of 
one layer of atoms like that of graphene. Rather, a planar layer of TMD involves a 
layer of metal atoms sandwiched between layers of chalocogen atoms and are strongly 
held together via covalent bonding. These layers are weakly held together with van 
der Waals forces when in the bulk form (40-42), allowing for the easy separation of 
these sheets. There can be up to 40 different types of TMD crystal phases depending 
on the combination of chalcogen and transition metal.(4, 10)  
The term planar refers to the relatively large lateral dimensions of the exfoliated 
material; ideally consisting of infinitely long lateral dimensions in the x and y 
directions. The significant reduction of dimension in the z direction into an atomic 
scale, allows the material to have dramatic physical and chemical changes with 
respect to its bulk.(5) The reduction of the number of layers radically influences the 
electronic energy states. These exfoliated 2D TMDs can be metallic, semi-metallic or 
semi-conducting depending on the level of doping found in the lattice structure as 
well as coordination and oxidation state of the metal atoms.(10, 19)  
Of the 2D TMDs, attention has been primarily given to molybdenum disulphide 
(MoS2) due to its ease of exfoliation and natural abundance in the Earth’s crust.(43) 
MoS2 has long historical applications, especially in industry as dry lubricants(43), 
catalysts(22, 44) and as the cathodic material for lithium ion batteries.(45) Until 
recently, even though MoS2 nanotubes and fullerenes were amongst the first inorganic 
analogues of carbon nanostructures to be synthesised(46), their proposed applications 
were still restricted for lubrication.(47, 48) Now, fuelled by the research and advances 
of 2D materials, applications of 2D MoS2 can be further expanded.  
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2.2.1.2 Molybdenum Disulphide 
 
Figure 2.2: Crystal phases (a) 1T and (b) 2H of 2D MoS2 
Depending on the atomic stacking configuration, MoS2 exists in two crystal 
phases, 1T and 2H.(49, 50) The 1T phase takes on an octahedral arrangement, where 
6 sulphur atoms form a distorted octahedron around one molybdenum atom. This 
crystal phase is only metastable and gradually reorders into the 2H phase, which is the 
most stable and more commonly found. The stratified 2H MoS2 crystal structure is 
composed of layers of Mo atoms sandwiched between S atoms that are covalently 
bonded to form a trigonal prismatic arrangement.(51-53) The change in atomic 
stacking is accompanied by strikingly different electronic characteristics; where the 
1T phase displays metallic properties while the 2H phase is semiconducting.(24, 54) 
2.2.1.2.1 Unique Properties 
The transition of bulk MoS2 into its 2D counterpart affords several unique 
properties, making it more appealing and a very promising material for various 
applications in electronics. Complementary to graphene, which exhibits no natural 
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band gap(37), the first notable quality of 2D MoS2 is the increase in energy of the 
band gap. Bulk MoS2 in a semiconductor and has an indirect band gap of ~1.2 eV(55), 
however, upon reduction of the number of layers towards a single monolayer, the 
dominant band gap increases to ~1.8 eV and becomes a direct band gap. (40, 41, 52, 
56, 57) Considering the fundamental role of band gaps in electronic applications, 
modulation or tuning of the size of the band gap, via external efforts such as 
functionalisation, may lead to optimisation of existing devices or incorporation into 
new electronics.    
Simultaneously, the transitions of the indirect bandgap to a direct bandgap leads to 
the rise of photoluminescence (PL), which is not observed in the bulk material. (53, 
56, 58, 59) 2H MoS2 exfoliated into just a few atomic layer thickness has found 
tremendous popularity in field effect transistors with impressively large on/off 
ratios.(35) Further applications have been demonstrated in energy storage (60, 61), 
catalysis (34, 41), and sensing (62).  
2.3 Synthesis Methods of 2D Molybdenum Disulphide 
Methods for synthesis of 2D MoS2 can be grouped into two categories: top down 
and bottom up. The bottoms up approaches, as the name suggests, build from the 
bottom up where either a substrate coated in a thin layer of the Mo r is reacted with a 
sulphuric source to produce a thin layer of MoS2 or a Mo precursor, such as MoO3, is 
evaporated onto a substrate in a sulphur rich atmosphere.  While the top down 
approaches start with the stratified bulk material and incorporates techniques that 
‘exfoliate’ the planar MoS2 crystal layer by layer. Herein, a few of the most common 
methods are briefly discussed. 
 18 
2.3.1 Bottom Up Approaches 
2.3.1.1 Chemical Vapour Deposition 
One of the most efficient ways to obtain large films is to ‘grow’ it on a substrate. 
Chemical vapour deposition (CVD) is a common technique currently employed in 
nanotechnology and is utilised for the synthesis of nanostructures including thin films 
and nanotubes. The synthesis of 2D MoS2 is based on the co-evaporation of sulphur 
and MoO3.(63) Other methods for the synthesis of 2D MoS2 via CVD entails the 
sulphurisation of thin films made of Mo or a reagent by annealing the thin films in 
sulphur rich atmosphere on a substrate.(64) Common reagents for this technique 
include MoO3-x or (NH4)2MoS2 as the molybdenum source.(65) The thickness and 
quality of the pre-deposited films determine both thickness and homogeneity of the 
2D MoS2 film. Limitations of this method include uniform deposition of the initial 
films, the effect of the substrate and precise control over the number of layers over a 
large area that have yet to be achieved.(66) 
2.3.2 Top Down Approaches 
2.3.2.1 Mechanical Exfoliation 
For the isolation of monolayer graphene, Geim and Novoselov took a block of 
graphite and, using scotch tape, ‘cleaved’ away layers of graphene and transferred it 
onto substrates.(30) This process proved to be quite successful; it was quick, cost 
efficient and resulted in a high quality single layer of graphene. Using this technique 
further, Geim and Novoselov showed that other layered materials could also be 
cleaved and they went on to prove this method was also successful for TMDs and 
boron nitride.(33) 
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However, this micromechanical cleaving method had some limitations; the flake 
size and thicknesses are not systematically controllable and the nanosheets that were 
obtained were small, tens of microns, which limit their use in applications outside 
laboratories. Furthermore, the yield for this approach is low for experimentation other 
than fundamental studies. Thus high yield solution processable approaches were 
considered and will be discussed.(24, 67, 68) 
2.3.2.2 Chemical Exfoliation Approaches 
2.3.2.2.1 Intercalation Methods 
 
Figure 2.3: Set up of a typical electrochemical ion intercalation exfoliation of 2D 
TMDs. 
Inspired by the exfoliation methods for layered double hydroxide clays, a similar 
approach was developed where small charged ions, usually lithium ions, are 
intercalated into the layered TMD bulk material.(18, 69, 70) The intercalated material 
is then reacted with water to generate H2 gas. This volatile production of gas aids in 
the separation of the bulk TMD layers by ‘pushing’ adjacent layers apart. However, 
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unlike the hydroxide clays, the intralayer spacing in layered bulk TMDs are not 
charged so introduction of oppositely charged ions into the intralayer spacing takes 
time and the degree of intercalation cannot be monitored or measured.   
 
Figure 2.4: Set up of the chemical ion intercalation exfoliation. 
To speed up the intercalation process, Zheng et al developed an electrochemical 
intercalation method where the bulk layered material was used as the cathode and the 
intercalating ions were in the electrolyte.(71) By passing a charge through this set up, 
the positively charged ions are ‘forced’ through the layered material cathode 
intercalating the material. The intercalated bulk material is then reacted with water 
and sonication to obtain the 2D TMD.  
The main disadvantage to the intercalation methods, however, is the introduction 
of phase impurities, namely changes of the 2H to the 1T structure, and defects, such 
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as atom substitutions(72), dislocations(73) or line defects(74), from the harsh 
conditions.  
2.3.2.2.2 Ultrasonication Assisted Exfoliation 
 
Figure 2.5: Set up of the ultrasonication assisted liquid exfoliation of layered 
materials 
To solve the problem faced by the structural changes and loss of semiconducting 
properties that occur from ion intercalation exfoliation approaches; Coleman et al 
proposed a facile and efficient exfoliation procedure without any oxidation or 
reduction reactions.(21) His team simply ultrasonicated the bulk layered materials in 
specifically selected solvents and separated the exfoliated 2D material by 
centrifugation. This liquid phase technique resulted in relatively high yields and was 
successfully demonstrated to exfoliate a large number of layered materials including 
most TMDs and boron nitride. Additionally, due to the adsorption of the solvent 
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molecules from the exfoliation, the sheets have been shown to not re-aggregate by 
solvation or by steric or electronic repulsion.(75)      
For the ultrasonication assisted exfoliation to be efficient, solvent selection and 
pairing are of utmost importance. Numerous studies have attempted to evaluate the 
mechanism and relationship between the solvent and the layered material to find the 
optimal solvent for exfoliation. An optimal solvent must be able to fulfil two criteria: 
first, it must be able to vigorously exfoliate the material at the highest concentration 
possible and second, it needs to be able to stabilise the exfoliated 2D material for the 
longest duration after to prevent re-aggregation.(76)  
Solvents factors such as Hildebrand and Hansen solubility were originally 
considered.(77) However, neither of these parameters was suitable for solvent 
prediction as the former was only applicable to non-polar systems and the latter was 
appropriate for both polar and H-bond interactions. It was then suggested that the 
energy required to exfoliate the layered material could be quantified from the surface 
energy; that is, thermodynamically speaking, the lower the differences of surface 
energies between solvents and 2D materials, the better the exfoliation process would 
be.(77) It is well known that surface energy is consistent with surface tension; so 
screening in terms of surface tension was the next logical move. It was later 
concluded that the optimal solvent for exfoliation should match that of the surface 
tension components, i.e. the surface tension of the solvent was similar to the surface 
tension of the layered material.(77) This theory also applies to co-solvent blends, 
where the most optimal and efficient exfoliation occurs when the solvent solution’s 
surface energy matches that of the bulk material.(78)  
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Although the ultrasonication assisted exfoliation process is widely adapted, the 
exact mechanism and interactions involved in the exfoliation still remain elusive. It 
has been proposed that the presence of O2 and H2O are the key to this process.(75) It 
is theorised that the exfoliation of the layered material occurs in two steps; first, upon 
application of the ultrasonication to the solvent, high vapour pressure is achieved, 
creating high vacuum bubbles and air pockets.(77) This leads to the oxidation and 
partial dissolution of the layered material. This is then followed by electrostatic layer 
by layer repulsions due to the generation of charged defects and the simultaneous 
collapsing of the air bubbles when they reach a critical size. This results in 
hydrodynamic forces of liquid jets of high pressure, temperature and velocity forceful 
enough to disintegrate the bulk material. Thus, the primary role of the sonication is to 
facilitate the autoxidation of the solvent rather than appearing as a source of extreme 
mechanical energy to drive layer separations.(75, 77)  
Despite all the progress in the area of ultrasonication assisted exfoliation, there are 
still some challenges that should be addressed. The primary current limitation is the 
presence of solvent residues on the surface of exfoliated nanosheets. Such residues are 
unfavourable as their presence can negatively impact the properties and performance 
of 2D MoS2. In an endeavour to alleviate this problem, alternative solvents will be 
investigated as a preliminary study as part of this Ph.D. thesis.  
2.4 Defects 
While MoS2 sheets with pristine surfaces are highly sought after, in practice, 
several imperfections may arise due to the nature of the exfoliation procedure. 
Although mechanical exfoliation methods are deemed to result in the highest quality 
of 2D MoS2, defects such as point defects (vacancies, adatoms and impurities) and 
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grain boundaries are still commonly found. A study conducted by Hong et al. 
compared the defects formed on MoS2 monolayers synthesised by CVD and physical 
vapour deposition (PVD). (79)  For the monolayers produced via CVD, surface 
vacancies were the most observed defect while for the monolayers made via PVD 
showcased predominantly antisite defects (where one or two sulphur atoms are 
replaced by molybdenum atoms). It was shown that both types of defects were strong 
electron scattering centres and affect, but don’t overwhelmingly dominate, the overall 
carrier mobility of the MoS2 monolayer. Interestingly, this study also theoretically 
predicted that the antisites in 2D MoS2 possess a magnetic moment and can have the 
potential use in systems or studies involving dilute-magnetic semiconductors and/or 
2D magnetism.   
Common defect sites that result from liquid phase exfoliated MoS2 are sulphur 
vacancies on the surface or edges.(25, 80, 81) These lattice vacancies affect the 
electronic properties of the MoS2 sheets, modifying the charge carrier mobility and 
density.(80, 82) Qiu et al. demonstrated direct evidence that the defect sites 
introduced localised donor states inside the bandgap.(83) Supported by DFT 
calculations of the band structure, tight-binding calculations of localisation length and 
direct TEM observation of the vacancy sites, it was shown that the charge transfer is 
dominated by electron hopping. The presence of the defects introduces localised states 
within the band gap, allowing for electron transport at sub band gap energies and the 
emergence of exotic quantum property such as example sub band gap PL.(84) The 
limitation to this however, is the decrease in electron mobility and thus cannot be 
incorporated into devices such as transistors.(85-87) 
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In addition to these electronic effects, it is also well known that the presence of the 
sulphur vacancies on the basal plane of MoS2 possess increased reactivity.(88, 89) It 
was proposed, as early as the late 70’s, that the vacancy sites that formed along the 
surfaces and, in particular, the edges of MoS2 crystallites were responsible for the 
increase of catalytic activity; especially towards the chemisorption of oxygen and 
water at room temperatures.(90-93) Thus, defective MoS2 has always played an 
important role in hydrodesulphurisation and hydrodenitrogenation reactions, which is 
the removal of sulphur and nitrogen, respectively, from oils and petrol. (93, 94)  
Harnessing the increased reactivity of the vacancy site, few reports have outlined 
methods to ‘repair’ sulphur vacancies on 2D MoS2 by using organic molecules, 
namely dodecanethiol and (3-mercaptopropyl)-trimethoxysilane.(22, 95) These 
methods include simple addition of the organic molecules to the basal plane of 
mechanically exfoliated 2D MoS2 fixated onto a silicon substrate. It was observed that 
the thiol functionality of the added molecule bound to the surface of the 2D MoS2 via 
the sulphur vacancy site. In one report, the hydrocarbon tail was then cleaved off by 
means of scanning tunnelling microscope (STM), leaving the now ‘repaired’ and 
defect-free surface intact.(22) However, this process is very tedious and time 
consuming as the STM tip is too slow for macro scale applications.  
In an emerging trend, the idea of functionalisation of 2D MoS2, via these defect 
sites, has been mildly explored. Surface functionalisation enables the introduction or 
removal surface defects and to control the charge carrier density in this 2D system, 
offering an elegant approach to control the electronic and optoelectronic properties of 
2D MoS2.(96)  
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2.5 Functionalisation 
Gaining control and specific tailoring of the electronic properties of MoS2 
nanosheets is crucial for developing efficient devices and broadening the application 
spectrum. However, due to the nature of 2D MoS2, traditional functionalisation 
approaches used in electronics, such as dopant diffusion and ion intercalation, are not 
feasible and thus, alternative methods are sought. Fortunately, the concept of 
functionalisation is also a very important aspect of organic chemistry and has been 
extensively studied and is well understood, particularly in the area of drug design. The 
same principles can be applied to add functional groups onto TMDs in 2D forms.  
The defective sites are identified as potential targets for surface modification and 
functionalisation of MoS2.(23, 24) Such functionalisation can tune or add the desired 
properties to the material.(25) For example, as with many other nanosystems for 
biological applications, bio-compatibility and stability are important factors to 
consider. Although it has been demonstrated that 2D TMD nanosheets can show 
relatively high biocompatibility, it has also been reported that the exfoliated sheets 
may not be stable in some physiological conditions and thus surface modifications are 
required.(97, 98)  Depending on the type of surface modification, functionalisation 
can potentially allow the exfoliated TMDs to have high dispersity, stability, improved 
biocompatibility and site specificity.(99) 
Such surface modification and functionalisation can be achieved through physical 
adsorption or covalent chemical bonding to the surface that has the defects, and at 
exposed edges and corners, with certain agents and reagents.(97, 100) Surface 
modification agents can be anything ranging from polymers and surfactants to small 
organic molecules and proteins.  
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In an initial experiment, thionin, an organic thiol containing molecule was shown 
to attach to defective MoS2 in a sufficient quantity to the edges of the 2D MoS2.(23) 
Furthermore, by functionalising with thionin, the MoS2-thionin composite became 
more sensitive to electrochemical responses and was utilised for double strand DNA 
detection. This observation highlights the significance and the impact 
functionalisation can have for tailoring improved or novel properties, especially for 
biological or biomedical applications.   
Successful functionalisation was also reported by Chou et al. in which chemically 
exfoliated 2D MoS2 was decorated with thiol terminated polyethylene (PEG) 
ligands.(24) As a result, the functionalised 2D MoS2 showed remarkable colloidal 
stability in water and, due to alteration of the surface charge from negative to positive, 
restacking and agglomeration of the new composite was prevented. The new 
composite was also shown to have improved ability to modulate the catalytic activity 
of β-galactosidase, but had a decreased reactivity for hydrogen evolution reactions 
(HER), primarily due to the absence of active defect sites.  
Also using modified PEG, Liu et al showed how functionalised 2D MoS2 could be 
used simultaneously for photothermal and chemotherapy of cancer cells.(27) In their 
work, PEG was modified with lipoic acid (LA), which facilitated the strong 
attachment of the PEG to the defective MoS2 through double thiol bonding. The LA-
PEG-MoS2 composites exhibited great dispersibility and did not show any 
agglomeration, even after high speed centrifugation in buffer or serum. An in vivo 
study in mice demonstrated the drug delivery abilities and long-term stability to 
physiological conditions of the developed composite. In a complimentary study, the 
same group extended this study and substituted the LA with iron oxide 
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nanoparticles.(101) This functionalisation endowed the PEG-MoS2 composite with 
superparamagnetism that was then utilised for magnetic resonance imaging in mice.  
Another, and more facile, method for the functionalisation of MoS2 explored the 
effects of having the modification step simultaneously with the sonication step in ion 
intercalation exfoliation. Mercaptopropionic acid (MPA), thioglycerol and cysteine 
were shown to react with freshly prepared LixMoS2 powder and successfully 
functionalised the exfoliated 2D MoS2.(25) The functionalisation improved the 
dispersibility of the 2D MoS2 in water and the presence of the carboxylic, hydroxyl 
and amino groups created a framework of anchoring sites for future functionalisation.    
Adapting from the chemical ion intercalation exfoliation methods, Tsai and Jeng 
et al. mixed together bulk MoS2 in thioglycolic acid (TGA) instead of the commonly 
used n-butyllithium.(102) The MoS2 and TGA mixture was then sonicated in water 
and subjected to subsequent dialysis to remove the excess TGA. The binding of the 
TGA caused the delamination of the MoS2 nanosheets, while simultaneously 
introducing negative surface charge. X-ray diffraction (XRD) studies of the composite 
material revealed the band gap of the 2D MoS2 was well suited for fluorescence 
studies.  
Voiry et al developed a functionalization method that does not rely on defects. 
Instead, they instead showed that functionalisation can be facilitated by electron 
transfer. They demonstrated successful functionalisation by harnessing the negatively 
charged surface of 1T 2D MoS2, originating from the chemical exfoliation process 
with n-butyllithium, and rather than through the sulphur vacancies.(103) The 
exfoliated sheets obtained via this method were estimated to contain up to 65% of the 
1T polytype and upon functionalisation with organohalides, they were able to 
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modulate its properties to behave like that of the 2H polytype. Scanning transmission 
electron microscopy (STEM) revealed that the octahedral coordination of the lattice 
did not change, yet the material had the bandgap typical of the 2H polytype. The main 
limitation to this method, deemed ‘phase engineering’, is the availability of differing 
functional electrophiles that could be used. 
Despite numerous studies on the functionalization of 2D MoS2, the fundamental 
mechanism and interactions between the 2D material and organic molecule has yet to 
be explored.  Specifically there is no study that investigates the exchange of free 
charge carriers between the organic molecules attached to the defect sites and the 2D 
MoS2 sheets. In the aforementioned reports, large and complicated molecules 
containing multiple functionalities are often used, making it difficult to pinpoint the 
exact moiety responsible for certain outcomes and responses. Investigation into this 
area will enable possible prediction of outcomes and allow for deliberate 
enhancement or expression of specific characteristics.  
Additionally, there is hardly any reports that demonstrate the functionalisation of 
2D MoS2 via physisorption, despite being a logical and facile approach for the 
functionalization of 2D MoS2. As observed for solar cells, physisorbed materials such 
as porphyrins are known to be able to exchange charges with the host substrate. 
Surface functionalisation using physically adsorbed materials onto the basal surface of 
2D MoS2 is certainly an unexplored area that will be targeted in this Ph.D. thesis and 
is anticipated to result in novel outcomes.  
The approach of functionalising 2D MoS2 is still in its infancy, however, recent 
trends and reports, included here, have provided multiple routes to functionalise 2D 
MoS2 to enhance or tailor its unique properties for a more specific purpose. It is 
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expected that, within the following years, further research and exploitation of 
functionalised 2D MoS2 may enable tuning of the electronic properties and coupling 
of 2D MoS2 with other materials to develop multifunctional devices to contribute to 
the widespread application of 2D MoS2 in photonics, energy storage and conversion, 
drug delivery and medical devices and diagnostics.  
2.6 Conclusion  
The area of 2D materials has been one of the most dynamic research fields in 
nanoscience and continues to be moving at a rapid rate. These 2D materials have 
shown significant chemical and physical properties, when paralleled to their bulk 
counterparts, which can be harnessed for a broad range of applications, including 
biosensors(104), energy storage(105), solar cells(106), supercapacitiors(107) and 
catalysts.(108)    
2D MoS2 has quickly become a great contender against graphene, owing to its 
unique properties, i.e. a direct band gap, ease of exfoliation and natural abundance. In 
this chapter, a brief background on the synthesis methods for 2D MoS2 was presented 
with the focus on the ultrasonication assisted exfoliation technique. It was then 
identified that the presence of solvent residues is still a significant challenge and 
alternative solvents should be carefully examined in a pursuit to overcome this 
limitation.  
It was then discussed that the properties of 2D MoS2 can be modified by 
functionalisation to tune the original properties or to promote the emergence of new 
characteristics. However, to date, a fundamental understanding of the interactions 
between the 2D MoS2 and functionalising groups still remains unknown and warrants 
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an in-depth study.  Additionally, functionalisation via physisorption is still an 
unexplored area and remains as a fertile ground for immediate investigations.  
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Chapter 3 
Investigation of Two-Solvent Grinding Assisted Liquid 
Phase Exfoliation of Layered MoS2 
3.1 Introduction 
Coleman et al. have compiled a list of many solvents and have evaluated their 
suitability for the sonication exfoliation of 2D materials. The most effective solvent 
was found to be N-methylpyrrolidone (NMP).(21) As a result, NMP is the solvent of 
choice used in the majority of published research. Even though good yields are 
obtained when using NMP, the solvent is difficult to be removed due to a relatively 
high boiling point. Residual NMP can often be found on the resulting 2D materials, 
even when post processing methods are used. (109) Methods such as refluxing at low 
temperatures proved to be ineffective and at high temperatures the material oxidises 
or transforms into its metallic states depending on the environment. The complete 
removal of the process solvent is, however, instrumental to many applications, 
especially for the fabrication of novel sensors and catalysts which rely on the 
availability of large and pristine surface areas.  
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Table 3.1: Boiling points and surface tension energies of the solvents in this 
work(110) 
Solvent Surface tension  
(mJ/m2 at 20 °C) 
Boiling point 
(°C) 
NMP 40.79 202.0 
Acetone 25.20 56.5 
Acetonitrile 29.50 82.0 
Benzene 28.90 80.1 
Cyclohexane 24.95 80.7 
Hexane 18.00 69.0 
Isopropanol 23.00 82.6 
Methanol 22.70 64.7 
Toluene 28.40 111.0 
 
In search of an exfoliation solvent that left no residue, the aim of this chapter was 
to evaluate the effect of different organic solvents for the exfoliation of MoS2 using 
the grinding-assisted liquid phase exfoliation method. The solvents used are acetone, 
acetonitrile (ACN), benzene, cyclohexane (C. Hex.), hexane (Hex.), isopropanol, 
methanol and toluene, and for comparison, NMP. These solvents have lower boiling 
points, and surface tension energies, than that of NMP (Table 3.1), which should ease 
the removal of the process solvent from the surface of the 2D MoS2 flake. Herein the 
investigated organic solvents are used exclusively in the grinding stage of the 
exfoliation. After the grinding step, the samples are dispersed into ethanol for the 
sonication and centrifugation stages. Profound differences are found between the 
samples; which highlight the importance of the grinding step and the used solvent 
during this process in particular that are fully discussed. Raman spectroscopy and 
optical characterizations are utilized to assess the presence and the effect of residues 
on the surface of the grinding assisted liquid phase exfoliated 2D MoS2.   
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The outcomes of this study have been peer reviewed and published in Chemistry of 
Materials.  
3.2 Experimental Section 
3.2.1 Exfoliation of MoS2 
2g of MoS2 powder (Sigma Aldrich, ~6 µm) and 0.5 mL of the chosen solvent 
were manually ground using a mortar and pestle for 30 mins. While grinding, an extra 
0.5 mL of solvent was also added in 0.1 mL doses to replenish evaporated solvent. 
The powder was then left to dry overnight in a vacuum oven (~500 mmHg) at 60 °C 
to evaporate the solvent. The dried sample was then redispersed in 40 mL ethanol and 
probe sonicated (Ultrasonic with temperature controller, GEX 500) for 90 mins at 
125 W (20 kHz) with stirring. Afterwards, the solution was centrifuged for 60 mins at 
4000 rpm (Boeco, C-28A) and the supernatant was decanted. The supernatant was 
then centrifuged again for 30 mins at 4000 rpm and the supernatant, containing the 
nanoflakes, was collected. The two step centrifugation procedure ensured complete 
removal of bulk powder.  
3.2.2 Characterisations 
Raman spectra were obtained using a micro-Raman spectrometer (InVia Streamline 
microscope, Renishaw, UK) with a 485 nm laser source at 1 mW power. 2.5 mL of 
each suspension was drop-casted onto silicon substrate (wafer) and heated at 40 °C on 
a hotplate to evaporate the solvent.  
A scanning probe microscope (SPM/AFM) (D3100, Digital Instruments) was used 
to measure the surface contours and the thickness of the exfoliated flakes. Conductive 
AFM images were obtained using a Bruker MultiMode with an installed Peak Force 
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TUNA module (MM8-PFTUNA for MultiMode8 AFM system, Germany). X-ray 
diffraction (XRD) patterns were obtained using Rigaku miniflex II.   
The nanoflake suspensions were diluted further for dynamic light scattering (DLS) 
readings. 1 mL of the suspension was pipetted into a DLS tube and was diluted by 
adding 1 mL of filtrated (220 nm membrane filter) ethanol. The tube was shaken and 
bench bath sonicated to mix its contents prior to measuring the particle size by DLS, 
using an ALV Fast DLS particle sizing spectrometer. PL measurements were obtained 
with a spectrofluorometer (Fluoromax 4C, Horiba Scientific) using a fluorescence 
cuvette. UV-Vis spectra were obtained on a UV-Vis spectrometer (Cary 60, Algilent 
Technologies), with a standard plastic cuvette. No dilution was required for the PL 
and UV-Vis measurements. 
A droplet of each suspension was dropped onto a 300 mesh copper lacey carbon 
grid (ProSciTech, Australia). The dried samples were viewed with a Jeol 2010 
transmission electron microscope (TEM) equipped with a SC600 CCD Camera 
(Gatan Orius).   
3.3 Discussion and Results 
The suspensions of 2D MoS2 nanoflakes were prepared using the grinding-assisted 
liquid phase exfoliation method, adopted from Yao et al.(78), incorporating different 
solvents for the grinding phase and the sonication phase. The solvents used during the 
grinding procedure include NMP, ACN, Hex., C. Hex., isopropanol, methanol, 
acetone, benzene and toluene.  
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Figure 3.1: (a) Normalised Raman spectra of the samples ground in toluene, 
methanol, benzene, acetone and isopropanol. (b) Enlargement of the MoS2 peaks E
1
2g 
and A1g with bulk as a comparison. 
 
Based on the Raman spectroscopy analysis of the suspensions, the samples ground 
using toluene, methanol, benzene, acetone and isopropanol (IPA) did not result in 
measurable concentrations (the concentrations were too low to for the characterization 
purposes (Fig. 3.1) of 2D MoS2 in the final ethanolic suspension and were therefore 
not analysed further. 
Grinding the bulk MoS2 in NMP, ACN, Hex. and C. Hex. followed by probe 
sonication was found to lead to appreciable 2D MoS2 concentrations in the final 
solutions. This finding highlights the importance of the grinding step and the choice 
of solvent during this process. After grinding in the chosen solvents, the suspensions 
were dried at elevated temperatures and reduced pressure for several hours in an 
attempt to remove any solvent residues. All samples were then redispersed, probe 
sonicated and centrifuged in ethanol.  
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Figure 3.2: (a) AFM profiles (scale bar is 50 nm) and (b) DLS size distribution of 
MoS2 when exfoliated in various solvents. 
 
The physical dimensions of the 2D flakes were characterized by AFM imaging (Fig. 
3.2a). AFM profiles showed that the surfaces were flat, an indication that 2D flakes 
were obtained. The exfoliated flakes produced with NMP and C. Hex. were typically 
1.5 to 3.5 nm in height, which corresponds to 2-5 layers of MoS2 (single layer 
thickness: ~0.7 nm (59, 111)), with lateral dimensions most frequently ranging about 
20 to 200 nm. The flakes exfoliated with ACN varied in height, ranging from 1.5 to 7 
nm (up to 10 layers), with the majority being between 3.5 to 5 nm thick (5 to 7 layers) 
while featuring 10 to 50 nm lateral dimensions. Exfoliation with Hex. produced the 
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thickest flakes measuring heights of 5.5 to 11 nm (up to 16 layers) and lateral 
dimensions of 20 to 120 nm.  
The lateral dimensions were also measured with DLS and the distribution of particle 
diameters were determined following Lotya et al.(Fig. 3.2b).(112) The distribution of 
the particle size suggests that all samples have a high polydispersity. The median 
lateral dimensions for NMP, ACN, Hex. and C. Hex were 110, 30, 40 and 80 nm, 
respectively. The two dimensional character of the Q2D flakes can be approximated 
by the aspect ratio of the lateral dimension to the thickness of the flake, with higher 
aspect ratios indicating an increased 2D character. The aspect ratios were in the ranges 
of 73.3-31.4 (NMP), 8.6-6.0 (ACN), 7.3-3.6 (Hex.) and 53.3-22.9 (C. Hex.), 
highlighting that the choice of grinding solvent has a significant influence on the final 
product. NMP produced the largest aspect ratio for the flakes, which could be 
attributed to the relatively higher surface tension energy, when compared with the 
other solvents (see table 3.1). Studies have suggested that a close match of the surface 
energy between the solvent and the layered material (40 mJ/m2(21, 113)) leads to the 
exfoliation of larger flakes with increased aspect ratios.(10, 114) The increased 
boiling point of the solvent may also have played a role leading to reduced 
evaporation losses in the case of NMP and increasing the participation of the solvent 
during the grinding process. The fact, however, that the other investigated solvents, 
featuring a variety of boiling points and surface tensions, led to negligible 2D MoS2 
concentrations in the ethanolic supernatant suggests that the exfoliation mechanism 
during the wet grinding process is more complex than anticipated and further studies 
are necessary to fully elucidate the underlying mechanisms.  
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Figure 3.3: TEM images of the suspensions, illustrating lattice and layer gratings. 
 
Each sample was observed to be well exfoliated in general when investigated under 
the TEM (Fig. 3.3). Many mono and few layered flakes were identified upon 
inspection of the edges. Lattice gratings with lattice spacing of 0.27 nm (d1-100 of 
MoS2 [ICSD no. 84180]) were easily observed in all samples.  The TEM images are 
in good agreement with the AFM measurements, confirming thicknesses of the flakes 
and the interlayer spacing of ~0.7 nm, which could be observed at the flakes’ edges.   
The TEM images in Figure 3.3 show that exfoliation with NMP produced more 
angular shaped flakes. The MoS2 layers exfoliated with ACN, Hex. and C. Hex. 
featured rounder edges and are more random in shape. The Hex. sample was observed 
to show increased aggregation with clusters of flakes being visible in the TEM 
images.  
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Figure 3.4: Transmission electron microscopy (TEM) images of the suspensions 
and their electron diffraction patterns. 
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Additional TEM of the flakes are shown in Figure 3.4. These images further 
demonstrate the general morphologies of the resultant flakes exfoliated in N-
methylpyrrolidone (NMP), acetonitrile (ACN), hexane (Hex.) and cyclohexane (C. 
Hex.). In contrast to the NMP sample, which produced flakes that were angular and 
had straight edges, the 2D MoS2 flakes ground with ACN yielded more rounded 
flakes. The Hex. TEM images illustrate the aggregation of the flakes and that both, 
angular and rounded, morphologies were observed. The darker areas of the C. Hex. 
TEM images are rolled-up flakes. These images highlight the importance and effects 
of the grinding solvent on the morphology and behaviour of the resulting 
nanomaterial. 
 
Figure 3.5: X-ray diffraction (XRD) patterns of the suspensions on glass substrates 
annealed at 40 °C. 
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 The XRD diffraction patterns of all the samples show two broad peaks which can 
be associated with the stacking of many flakes out of registry. The glass substrate can 
also contribute to the broad peak at ~28 °2θ. A sharp peak at 14.8 °2θ is observed for 
all samples, which correlates to the (001) plane.(115) As a result, the flakes are 
hexagonal 2H MoS2. The amount of crystalline MoS2 per sample appears to increase 
from: NMP to C. Hex. to ACN to Hex according to this peak intensity. The small 
peak, in the Hex. pattern at approximately ~60 °2θ, can be assigned to the (110) 
crystal orientation, which in literature has been reported to appear at 58 °2θ. (116, 
117) 
 
Figure 3.6: UV-vis spectra of 2D MoS2 samples exfoliated with grinding in 
various solvents. Inset: photo of the suspensions ground with (i) NMP, (ii) ACN, (iii) 
Hex. and (iv) C. Hex. 
 
Optical characterization utilizing UV-vis spectroscopy, Raman spectroscopy and PL 
measurements were employed to further characterize the suspensions. The UV-Vis 
spectra for the 2D MoS2 suspensions are shown in figure 3.6. The characteristic 
absorption bands appear at 660, 610, 450 and 395 nm and are referred to as the A, B, 
 53 
C and D peaks, respectively. (117-119) The A and B peak arise from direct excitonic 
transitions at the K point of the Brillouin zone. (117, 119)  The C and D peaks can be 
assigned to the direct excitonic transition of M point. (53, 117) These characteristic 
peaks can be observed most clearly in the absorption spectrum obtained for the 
sample exfoliated with ACN. The D peak is not as conspicuous for the suspensions in 
Hex. and C. Hex. In the case of NMP these peaks are lacking in the UV-Vis spectra. 
This can be partly attributed to the lower concentration obtained in comparison to the 
other suspensions. The exfoliated suspensions were transparent and appear 
yellow/green in color, where the darkest, and most concentrated, was the ACN sample 
and the lightest, and least concentrated, was the NMP sample, which appears to be 
almost colourless (fig. 3.6 inset). Using the method proposed by O’Neill et al. (114)., 
the concentrations were calculated to be 4.2, 9.7, 7.8 and 6.5 µg/ml for NMP, ACN, 
Hex. and C. Hex., respectively. The concentrations are about two orders of magnitude 
lower that those reported others, (21, 41, 78) which typically employ NMP during the 
sonication step and as a suspension solvent. 
 
 
Figure 3.7: (a) Normalised Raman spectra (485 nm) and (b) enlargement of the 
MoS2 peaks E
1
2g and A1g. 
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Raman spectroscopy is routinely utilized to characterized thin layered materials. 
Figure 3.7(a) shows the full Raman spectra of the suspensions in the 200 to 2000 cm1 
range. The sharp peak at 520 cm1 appears due to the silicon substrate. 
Two very broad and intense Raman peaks (1360 and 1580 cm1) and broad 
background scattering throughout the organic fingerprint region (500 to 2000 
cm1(120)) were observed for the NMP ground MoS2 samples. The two peaks can be 
allocated to NMP,(121) which indicates that the solvent was not fully removed from 
the surface, despite heating at 60 C and reduced pressure for several hours and 
redispersing in ethanol. The 300 to 500 cm1 region in which the main MoS2 signature 
Raman peak shifts are located is overshadowed by the broad background Raman 
scattering, leading to comparatively weak Raman signals. The presence of NMP on 
the surface of the dried flakes is detrimental for the many potential applications of 2D 
MoS2, especially for sensing and catalysis, for which the MoS2 surface needs to 
directly interact with the analyte or educts. Furthermore, the intense signal of NMP 
could not be removed from the surface is strong evidence that NMP coordinates to the 
MoS2 surface and cannot simply be seen as just a solvent. In this case, NMP is likely 
also to alter the electronic properties of MoS2. NMP is a highly polarized material that 
affects the location of charges within the 2D material. C. Hex. ground particles also 
exhibit a broad background scattering throughout the higher wavenumbers, however 
the intensity is smaller when compared to the NMP sample and no characteristic 
peaks were observed. Suspensions ground with Hex. and ACN show no broad 
background or solvent peaks, indicating a nearly solvent free pristine surface.    
The E12g and A1g peaks of MoS2 can be observed in all samples (figure 3.7 (b)). It is 
well known that Raman spectroscopy can be used to distinguish between bulk and 
exfoliated 2D material (51, 52, 58) and can thus be used to assess the quality of the 
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exfoliation. The E12g (383 cm
1) and the A1g (408 cm
1) peak, or mode, refer to the in-
plane and out-of-plane vibrations of the 2D MoS2 crystal structure respectively. The 
position of these modes exhibit a well-defined thickness dependence, thus providing a 
convenient diagnostic tool for characterising the number of layers. It has been 
reported that shifts in the E12g and A1g modes occur upon reduction of the number of 
layers of the 2D material;(51, 52, 117) where, a red shift of the E12g peak and a blue 
shift of the A1g peak are typically observed for thin layers. However this behaviour 
cannot be exclusively attributed to an der Waal interlayer interactions and a 
fundamental understanding is still lacking.[21] This is commonly accompanied by a 
change in intensity of these peaks, which has also been observed for the here 
investigated samples. This shift in the wavenumber is associated with thinner flakes 
obtained for NMP and C. Hex and thicker ones for Hex. and ACN., which are in 
agreement with the AFM investigations. 
Increased PL of 2D MoS2 suspensions arises due to the transition from indirect bulk 
MoS2 to direct band gap few or single layer MoS2. (18, 56, 57, 122)   Emission arises 
from the from the K point in Brillioun zone (53, 56, 118) as well as the quantum 
confinement effect when their lateral dimensions are comparable to those of excitons. 
(18, 34, 59, 62) The PL spectra of each sample excited at various wavelengths (300, 
350, 400, 450 and 500 nm) can be seen in figure 3.8. PL was found for all samples, 
indicating the presence of direct band gap few layer semiconducting MoS2. 
The observed emission peak exhibited red-shifts with increasing excitation 
wavelengths in all cases. This red-shift of the PL signal has been described in the 
literature and can be rationalized by quantum confinement effects due to the 
distribution of lateral sizes of the flakes.(62, 117, 122) Strengl et al., have shown that 
the PL of MoS2 quantum dots shifts with the excitation wavelength allowing to  
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Figure 3.8: Photoluminescence spectra of the 2D nanoflake suspensions excited at 
300, 350, 400, 450 and 500 nm. 
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distinguish between quantum dots with different sizes.(122) Applying this concept to 
our samples, it can be expected that low energy photons will excite the larger flakes 
present in the suspension, leading to a red shift in the PL spectrum, while high energy 
photons will also excite smaller flakes resulting in the observed blue shift of the PL. 
Analysing the PL spectra at various excitation wavelengths allows us to infer 
information on the particle size distribution, which is complementary to the DLS, 
AFM and TEM analysis. However, since PL occurs exclusively in the thin, direct 
band gap flakes, it allows us to distinguish between the not desired thicker, indirect 
bandgap bulk flakes and the sought after thin, direct band gap semiconducting flakes. 
DLS in unable to distinguish between these two distributions. 
The 2D MoS2 flakes ground in NMP show intense PL for excitation wavelengths 
between 300 and 500 nm, while C. Hex. ground flakes do not feature PL for 
excitation wavelength above 450 nm. ACN and Hex. ground samples do not feature 
PL about 400 nm excitation. This leads to the conclusion that the largest direct band 
gap 2D MoS2 flakes are present in the NMP ground sample, whereas smaller flakes 
are present in the C. Hex., ACN and Hex. showing the smallest size of direct band gap 
flakes. 
Conductive AFM was performed on the ACN ground nanoflakes to investigate the 
quality of the samples in terms surface conductivity.  Previous work (42, 123) 
suggests that nanoflakes with defects (loss of sulphur atoms) on the surface edges 
possess more conductivity along the flake edges when compared to the flake’s center. 
Two different regions are shown in figure 3.9 as an example. It was observed that 
some nanoflakes were more conductive than others indicating that some flakes 
possess more defects than others. Furthermore, the higher conductivity regions of the 
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Figure 3.9: Conductive AFM demonstrating (a) conductive areas (b) and non-
conductive areas. The scale bar is 100 nm. 
 
sample were not confined to the edges, indicating that the defects are not limited to 
the flake edges.  
 
3.4 Conclusion 
The grinding assisted exfoliation of MoS2 was investigated using a two-solvent 
approach. Ten organic solvent were investigated during the grinding phase, which was 
followed by the removal of the solvent and sonication in ethanol. It was found that the 
grinding step and the choice of grinding solvent prior to the ultrasound liquid phase 
exfoliation is playing a crucial role which has been overlooked to date. Just four 
grinding solvents led to the successful exfoliation of 2D MoS2 nanoflakes in moderate 
yields. AFM, DLS and PL measurements revealed that the lateral size and thickness of 
the exfoliated flakes highly dependent on the chosen solvent during the grinding step. 
NMP was found to produce the highest quality flakes in regards to lateral size and 
flake thickness. Raman spectroscopy, however, provided strong evidence that NMP 
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remained on the surface of the exfoliated flakes despite the efforts to remove the 
solvent after the grinding step, suggesting that NMP may be coordinated to the MoS2 
surface, prohibiting its removal. This may have detrimental effects on certain 
applications of 2D MoS2 that require pristine, clean surfaces such as gas sensing, 
energy storage and catalysis. ACN was identified as a promising alternative to NMP 
due to satisfactory exfoliation yields and the complete removal from the MoS2 surface 
after grinding. The size of the exfoliated flakes was however smaller when compared 
to NMP ground MoS2. Conductive AFM showed that lattice defects are present in the 
ground flakes, giving rise to conductivity. The defect density however varied between 
flakes. 
This work highlights the importance of the grinding step during the grinding 
assisted ultrasound exfoliation of 2D materials which is poorly understood to date. 
Further research may lead to increased exfoliation yields and larger lateral dimensions 
of the flakes. The results also highlight that the commonly used exfoliation solvent 
NMP remains on the surface and may in fact coordinate to the surface. Future work 
should carefully evaluate, if NMP residues on the 2D MoS2 surface can interfere with 
the intended function. 
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Chapter 4 
Electronic Tuning of 2D MoS2 Through Surface 
Functionalization 
4.1 Introduction 
A common occurrence in the exfoliation of 2D MoS2 via ultrasonication is the 
introduction of surface and edge defects. The presence of these defects is not 
necessarily negative as it has been shown that these atom vacancy sites have increased 
reactivity. A common industry use of defective MoS2 is for MoS2 catalysed 
dehydrosulphurisation, which is the removal of sulphur from oil.(22)  
A rising trend in 2D MoS2 research is to harness the reactivity of the vacancy sites 
and use them as anchoring targets for surface functionalisation. As it has been 
reported that the defect sites possess high affinities towards thiol moieties(25), thiol 
chemistry has been explored to modify and eliminate the defects in an attempt to 
control the electronic properties of the exfoliated sheet.(22) Furthermore, 
functionalization of the MoS2 surface may also alter the chemical properties of the 
material which may be exploited when designing sensors and catalysts.(124-127) An 
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early demonstration of functionalisation via thiol chemistry was presented by Chou et 
al.(24). In this work, it was reported that defective 2D MoS2, synthesised by chemical 
ion intercalation, was successfully functionalised using various thiol-terminated 
ligands. The ligands were confirmed to be covalently bound to the surface of the 2D 
MoS2 via the defect site and the thiol functional group. The addition of the ligands to 
the surface allowed tuning of the ζ-potential of the 2D MoS2 and was then used as an 
artificial enzyme receptor.(24) However, due to the complicated nature of the ligands, 
pin-pointing the exact effects of the functionalisation proved difficult.         
 
 
Scheme 4.1: (i) Defective MoS2 monolayer showing sulphur vacancies and (ii) ‘R’ 
group functionalised MoS2 monolayer 
 
This chapter aims to explore thiol functionalization and its effects on the 
electronic structure of the resulting 2D MoS2 flakes. A variety of organic thiols are 
studied herein with respect to their capability to bind to the MoS2 flakes, their 
influence on excitonic recombination processes and their ability to induce conduction 
and valance bend edge shifts in the material. Engineering of the MoS2 band edge 
potentials is particularly important for enhancing the catalytic activities of MoS2 and 
for controlling the electronic nature of junctions to ensure efficient device operation in 
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electronic devices, solar cells, light emitting devices and sensors.(72) The thiols 
implemented in this work are investigated through two scenarios, where (a) thiols 
with aromatic rings of different electron withdrawing capabilities and (b) alkylthiols 
with different chain lengths, are utilized. 
 
The outcomes of this investigation have been peer reviewed and published in 
Advance Materials. 
4.2 Experimental Section 
4.2.1 Exfoliation of 2D MoS2 
2 g of MoS2 bulk powder (US research Nanomaterials Inc., 800 nm - 1.2 µm, 
99.9%) was ground with a mortar and pestle for 30 min with 5 mL of acetonitrile. The 
ground MoS2 was left to evaporate all the acetonitrile for 20 mins and then transferred 
to a vial. 40 mL of ethanol was then added and the ground powder was probe 
sonicated (Q Sonica probe sonicator with a 0.5 inch solid titanium probe tip) for 90 
min. The suspension was then centrifuged (Eppendorf Centrifuge 5702) at 4,000 rpm 
for 90 min and the MoS2 nanoflakes were collected.  
4.2.2 Thiol Conjugation  
0.5 mL of each thiol (all purchased from Sigma Aldrich Australia, min. purity 
97%) was added to 3 mL of MoS2 nanoflake suspension. Each mixture was then 
vigorously stirred for 24 hours. The thiol-MoS2 mixtures were then transferred to 
dialysis tubing (Sigma Aldrich Australia, cellulose) separately and dialysed against 
1:1 ethanol/water for 24 hours, with tubing and solvent changes periodically. 
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4.2.3 Analysis 
1 mL conjugated samples were then drop-casted onto gold coated silicon wafers 
(Micro Materials and Research Consultancy, Australia, Prime Grade) and heated at 40 
˚C to evaporate the solvent. The samples on gold were then used for attenuated total 
reflectance infrared (ATR-IR) on a Perkin Elmer Spectrum 100 fourier-transform IR 
(FT-IR) with universal ATR accessory. The same samples were also used for Raman 
spectroscopy measurements on a micro-Raman spectrometer (InVia Streamline 
microscope, Renishaw, UK) with a 485 nm laser source at 1 mW power and for 
atomic force microscopy (D3100, Digital Instruments) analysis.  
A droplet of the MoS2 suspension was placed on a 300 mesh copper lacey carbon 
grid (ProSciTech, Australia) and transmission electron microscope (TEM) analysis 
was viewed with a Jeol 2010 transmission electron microscope equipped with a 
SC600 CCD Camera (Gatan Orius). PL mapping was carried out on a custom build 
instrument using a a Fianium WhiteLase (WL-SC400-8) laser, the excitation 
wavelength was 532 nm with 10 nm bandwidth delivering approximately 200 µW 
average power of laser light at the sample position. A Nikon air objective (100 
0.9NA), in combination with a 532 nm notch filter were used. For the photoelectron 
spectroscopy in air (PESA) measurements, 2 mL of the conjugated samples were 
drop-casted onto glass substrates and left to dry without heat and measured in a 
photoelectron spectrometer (Riken Keiki AC-2, Japan).  
4.3 Discussion and Results 
2D MoS2 flakes were synthesized following a two solvent grinding assisted 
ultrasonic liquid phase exfoliation method, which has been reported previously.(128) 
The method was chosen since it produces MoS2 flakes in ethanolic suspension, which 
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is a suitable environment for the thiolation reaction and has the benefit of allowing the 
easy removal of the process solvent at moderate temperatures. Atomic force 
microscopy (AFM) and Raman spectroscopy were performed to evaluate the 
exfoliation quality and physical characteristics of the MoS2 nanoflakes. The physical 
dimensions and thicknesses of the MoS2 nanosheets were observed using AFM, 
transmission electron microscopy (TEM) and Raman spectroscopy (fig. 4.1 and 4.2). 
The flakes featured a typical lateral sizes of 100-300 nm and measured up to 5 nm in 
height, however most sheets were 0.7-3 nm thick corresponding to 1-4 layers (one 
atomic layer of MoS2 is 0.7 nm thick
(59)). Raman spectroscopy measurements were 
obtained using a 485 nm laser excitation source, showing the characteristic Eg and Ag 
Raman modes of MoS2. Upon comparison of the Raman spectrum of the exfoliated 
MoS2 to the Raman spectrum of bulk MoS2, shifts in the Eg and Ag peaks indicate that 
the exfoliated MoS2 sheets were on average 3-4 monolayers thick.(51) 
 
 
Figure 4.1:  Characterisation data of the exfoliated MoS2: (a) AFM map and  
(b) profile, (c) Raman spectrum with the bulk spectrum for comparison, (d) TEM 
image of a flake and (e) diffraction pattern 
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Figure 4.2: AFM histogram distribution of lateral sizing and number of layers of 
the functionalised and as exfoliated MoS2 samples 
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Thiolation of the flakes was achieved by adding an excess of thiol (0.5 ml) to a 3 
ml aliquot of the suspension. The thiols used in this work are p-mercaptophenol (S1), 
thiophenol (S2), 1-propanethiol (S3), 1-nonanethiol (S4) and dodecanethiol (S5). The 
reaction mixture was stirred vigorously for 24 hours and was then dialysized against 
1:1 ethanol water for 24 hours while changing the tubing and solvent periodically. 
The suspensions were then drop-casted onto gold coated Si wafers and glass slides for 
analysis. 
 
 
Figure 4.3: ATR-IR spectra of the thiol functionalized MoS2 and their respective 
thiol spectra (grey); a) p-mercaptophenol, b) thiophenol, c) 1-propanethiol,  
d) 1-nonanethiol, e) dodecanethiol. (f) Enlarged ATR-IR spectra in the range of the 
wavenumber for the thiol peak. 
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The successful functionalization of the MoS2 flakes was confirmed by attenuated 
total reflectance infrared (ATR-IR) and x-ray photoelectron spectroscopy (XPS). 
Figure 4.3a-e shows the ATR-IR spectra of the thiol functionalized MoS2 samples 
(coloured) and the unconjugated thiols (grey) and figure 4.3f shows an enlarged 
portion of the spectra in the range of the wavenumbers for the S-H peaks against a 
model of an unconjugated thiol (thiophenol). 
 
Figure 4.4: Zoomed in ATR-IR spectra of the S-H peak and full ATR-IR spectrum 
of the gold substrate 
Figure 4.4 shows the ATR-IR spectra focusing on the region of the SH bond 
(2700 – 2400 cm-1) on both the conjugated 2D MoS2 samples and to the respective 
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thiol sample (grey) for individual comparison. As reported in previous works,(24, 
129) the S-H bond appears at 2563 cm-1. As observed in figure 4.3f, this key peak 
does not appear in the thiol functionalized MoS2 spectra. This is an indication that the 
thiol has successfully conjugated to the MoS2 flakes via the S-H bond. However, 
further examination of the ATR-IR spectrum for S2, a peak (2353 cm-1) close to that 
of the SH peak is present; this peak can be attributed to the gold substrate (fig. 4.4). It 
is noteworthy that for the aromatic thiols, S1 and S2, this result would appear to be 
inconsistent with previous density functional theory (DFT) calculations,(130, 131) 
which had suggested that the aromatic system were to lie in parallel to the MoS2 
surface plane, not binding to the MoS2 through the thiol moiety. Furthermore, upon 
comparison of the thiol functionalized MoS2 spectra to the respective unconjugated 
thiol spectra, the C-H and C-C bonds of each thiol appear in both spectra. This 
confirms that the thiol molecules are present in the thiol functionalized MoS2 samples. 
These peaks were slightly altered and did not appear exactly as they do in the 
unconjugated thiol spectra. The differences can be attributed to low concentrations of 
the purified functionalized flakes; leading to decreased signal-to-noise-ratio and hence 
peak reduction and broadening.  
XPS was conducted to further confirm the functionalization of the MoS2 
nanomaterial. The sulphur (S2p) and carbon (C1s) spectra (fig 4.5) of the as exfoliated 
and thiol functionalized MoS2 samples showed characteristic MoS2 peaks.  Peak 
broadening visible for the 161.8 and 163.2 eV peaks shows the successful surface 
functionalization of the MoS2 flakes with thiols, in accordance with the FTIR results. 
The peaks centred at 164.5 and 165.6 eV correspond to unbound thiols. The peak 
centred at 287.4eV corresponds to the carbon-sulfur bond of the thiols due to traces of 
excess thiol still being present after dialysis. Our findings are consistent with reported 
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XPS spectra for self-assembled thiol monolayers on Au surfaces featuring bound 
thiolates and small amounts of surface adsorbed unbound thiols.(132)  
 
Figure 4.5: XPS elemental analysis spectra of (a) sulphur, S2p, and (b) carbon, C1s.  
Upon exfoliation of bulk MoS2 into few or mono layered flakes the electronic 
structure of MoS2 transitions from indirect to direct band gap semiconducting 
material. This change is accompanied by the emergence of photoluminescence (PL) of 
2D MoS2, which does not occur in bulk MoS2. The PL in mono and few layer MoS2 
arises from excitonic recombination processes across the direct transition at the K  
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Figure 4.6: (i) PL maps and (ii) decay kinetics of conjugated and unconjugated 
MoS2 samples 
point in the Brillioun zone.(53, 117, 119) It is noteworthy that double and few layer 
MoS2 feature PL across the direct transition at the K point despite featuring an 
indirect transition between the K and the Γ points.(24) PL measurements were 
conducted with a 532 nm excitation source. No significant changes in decay kinetics 
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were observed (fig. 5.6ii); however there were minor shifts of the PL signal of the 
MoS2 nanosheets upon thiol conjugation onto the surface.  
The PL responses of the functionalized MoS2 sheets are red-shifted when 
compared to the as exfoliated MoS2 (SC). The as exfoliated 2D MoS2 had the lowest 
centre peak PL emission wavelength of 620 nm and the functionalized materials’ peak 
positions are between 630 to 660 nm. The PL peak positions after the 
functionalization correspond to the direct transition of ~1.9 eV. The conjugation of 
thiols to the MoS2 surface leads to only a slight bandgap narrowing. However, the 
bandgap change is not a function of the thiol configuration or length. Several studies 
have reported the observation of a red shift in PL measurements of nano-materials, 
such as cadmium telluride quantum dots(133) and zinc oxide films(134), when 
functionalised with organic materials. These shifts in PL are commonly attributed to 
radiative recombination in shallow surface states, leading to emission energies 
slightly below the electronic bandgap.(133) Covalent binding of the thiols through 
defect sites in the MoS2 is likely to lead to the formation of these shallow states.  
 
 
Figure 4.7: Normalised PL spectra of the as exfoliated and thiol functionalized 
MoS2 samples. The maxima of each spectrum is listed in the legend. 
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Apart from the bandgap, the band position of the 2D materials is of paramount 
importance. Many applications require careful band edge matching between MoS2 
and other device components to achieve efficient device operation.(135) Depending 
on magnitude of the energy barrier a contact can be ohmic or rectifying. Furthermore 
careful matching of the conduction and valence band positions is a prerequisite for 
efficient photocatalysis, where the reaction driving forces have to be optimized. The 
conjugation of thiols to semiconductors has been utilized for band position 
engineering in quantum dot sensitized solar cells.(136, 137) The dipole moment and 
direction of the thiol was found to induce significant shifts of the energy bands.  
 
 
Figure 4.8: PESA plots conjugated and unconjugated samples 
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Figure 4.9: Energy diagram of the as exfoliated and thiol functionalized MoS2 
where (a) compares the aromatic thiols and (b) compares the thiol chain lengths. (c) 
and (d) shows the valence band positions measured using PESA and the Fermi levels 
estimated using XPS. Thiol structures are drawn within the respective bandgap of the 
functionalized samples. White atoms refer to hydrogen, grey to carbon, yellow to 
sulphur and red to oxygen. Valence band positions were measured using PESA, the 
conduction band position was calculated based on the optical bandgap determined by 
PL spectroscopy and corresponds to single layer flakes.  
 
Photoelectron spectroscopy in air (PESA) is an ideal method to determine the 
band position of the here synthesized flakes.(138) Impressive cathodic band edge 
shifts of up to 500 meV were observed (fig. 4.8 and fig. 4.9). The mild Lewis base 
character of the thiols results in an overall electron donating effect, shifting the 
valence and conduction bands of the MoS2 flakes to more positive values.  
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Comparison of the band positions were observed in their particular scenarios. 
Samples S1 and S2, both contain aromatic systems in the respective thiol. The 
conjugated system of these thiols serves as a reservoir containing delocalized 
electrons. Thiol S1 has an electron withdrawing substituent attached in the para 
position to the thiol moiety, while S2 has no substituents except for the thiol group. 
As mentioned before, both samples featured a positive valence band shift, due to the 
Lewis base character of both compounds (fig. 4.9a). The difference in the size of the 
valence band shift can be rationalized since p-mercaptophenol contains an alcoholic 
substituent group. The electron withdrawing nature of this functional group leads to a 
reduced basicity of the thiol, leading to a 250 meV smaller valence band shift. 
Samples S3, S4 and S5 were functionalised with alkyl thiols featuring varying 
chain lengths. As expected the longer thiols S4 and S5 led to nearly identical valence 
band shifts. The shorter thiol S3 resulted in a slightly reduced shift of the valence 
band. As these alkylthiols are unconjugated, changes at distant position on the alkyl 
chain lead to comparatively small changes in the properties of the thiol moiety. The 
short chained propanethiol has been reported to have slightly different electronic 
properties compared to the longer chained thiols S4 and S5.(139) Analogous to the 
observations made for the aromatic thiols S1 and S2 the variation of the valence band 
shifts observed between the alkyl thiols can be attributed to the reduced basicity of 
propane thiol. The Fermi levels of the thiol functionalized MoS2 were evaluated using 
XPS valence spectra together with the PESA analysis (fig. 4.10).  
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Figure 4.10: XPS valance band spectra 
This analysis showed that the Fermi level energy (EF) of the thiol functionalized 
MoS2 increased when compared to as exfoliated MoS2. Of the aromatic 
functionalities, the EF value had a larger increase for sample S2 than S1. For the alkyl 
thiols, increasing the chain lengths of the functionalization groups also increase the EF 
of the MoS2. This is consistent with the weak Lewis basicity of the thiols, leading to 
mild n-type doping. Overall, the size of the band edge and Fermi level shift was found 
to be dependent on the tail group of the thiols.  
4.4 Conclusions 
A simple and straightforward approach to the functionalization of 2D MoS2 flakes 
has been employed and was confirmed by ATR-IR and XPS. The resultant material’s 
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electronic properties were explored using PL spectroscopy and PESA. ATR-IR and 
XPS confirmed that the thiol molecules co-ordinated and covalently bonded to the 
surface of the MoS2 via sulphur through the S-H bond of the thiol molecule. PL 
spectroscopy revealed red shifts, with reference to as exfoliated MoS2, which can be 
attributed to the formation of shallow trap states upon functionalization. The direct 
transitions of the functionalized MoS2 were all approximately 1.9 eV regardless of 
which thiol was used. PESA measurements revealed that thiolation resulted in 
cathodic valence and conduction band edge shifts of up to 500 meV. The size of the 
valence band shift was associated with the Lewis basicity of the thiols. XPS valence 
analysis also showed increases in Fermi levels depending on the thiol functionalities 
and also corresponded with the valence band shifts observed with the PESA. These 
impressive shifts may be utilized to tune the band alignment of MoS2 at material 
interfaces to optimize the operation of functional devices and catalytic systems. 
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Chapter 5 
Investigation of Phthalocyanine Functionalised MoS2 
Nanosheets 
 
5.1 Introduction 
 
Inspired by the outcomes of the previous investigation, in particular the trends 
observed in the addition of the aromatic or conjugated compounds to 2D MoS2; this 
chapter investigates free base phthalocyanine functionalised MoS2 nanosheets.  
Recently MoS2 nanosheets have been demonstrated to be functionalised with 
electronically active chromophores.(140-142) This enables the formation of an 
electronic heterostructure, where the electrons in the MoS2 nanosheet intimately 
interact with the chromophore’s electrons. These systems are particularly intriguing 
since they can be probed and manipulated via optical means, exploiting photoinduced 
charge transfer processes and dye-sensitisation. Furthermore interfacial charge 
transfer processes lead to exciton splitting and charge separation, which significantly 
prolongs charge carrier lifetimes. One early example of devices exploiting these 
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phenomena is a Rhodamine 6G sensitised MoS2 phototransistor with superior spectral 
response and sensitivity.(140) However, depending on exploring new capabilities in 
manipulating electron transfer processes, potential applications will be much more 
diverse and extend from optoelectronic devices to light harvesting, sensing and 
photocatalysis.  
Phthalocyanines (Pc) (fig. 5.1) are macrocyclic aromatic compounds that are a 
derivative of porphyrins. They are chemically resistive, have remarkable thermal 
stability and exhibits good optoelectronic properties due to their 18 pi electron 
system. The electron delocalisation of this 18 pi system, in particular, make Pcs 
highly valuable in different fields of science and technology(143) and are currently 
incorporated into such applications including electrochemical solar cells, chemical 
and gas sensors, photodynamic therapy and dyes.(144)  
 
Figure 5.1: chemical structures of (a) free-base phthalocyanine and (b) 
metallophthalocyanine where M refers to the position of the metal atom 
Furthermore, Pc exhibit rich photoinduced transitions, with free base 
phthalocyanine featuring luminescence from two distinct excited states, the well-
known S1 transition between the dyes HOMO and LUMO levels and the S2 transition 
between the dye’s HOMO level and a higher energy excited state.(145, 146) The 
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difference in energy between the S1 and S2 excited state is close to 0.5 eV, enabling 
the design of complex electron transfer cascades. By positioning the conduction band 
of an adjacent 2D MoS2 nanosheet in between the S1 and S2 excited states, sufficient 
driving forces for photoinduced electron transfer from the dye’s S2 to the 
semiconductor’s conduction band and from the nanohseet’s conduction band to the 
chromophore’s LUMO level should be established. The adjustment of 2D MoS2 
nanosheet conduction band can take place by altering their lateral dimension. It is 
hypothesised that in such an energetic configuration, phthalocyanine may act as either 
a donor or an acceptor, depending on the excitation wavelength, providing the 
opportunity to tune the charge carrier density within the 2D crystal via optical means. 
Presented here is an in-depth study of the optical properties of free base 
phthalocyanine functionalised MoS2 nanosheets (MoS2-Pc) and demonstration of how 
the abovementioned concept can be materialised. 
The outcomes of this research have been peer reviewed and published in Nanoscale.  
5.2 Experimental section 
5.2.1 Exfoliation of MoS2 
A modified literature procedure was used for MoS2 exfoliation.(147) In brief, 0.2 
g of MoS2 powder (ᴓ= 1 µm, 99.9%, US-nano) and 20 mL of dimethylformamide 
(DMF, Sigma-Aldrich 99.8%) were placed into a ball mill jar and ground for 90 min. 
The ground powder was then transferred into a vial and probe sonicated for another 
90 min. The resulting suspension was then centrifuged at 2000 rcf for a further 90 min 
to remove residual bulk particles.  
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5.2.2 Preparation of Phthalocyanine Solution 
0.1 g of 29H,31H-phthalocyanine powder (Sigma Aldrich, 98%) was placed into a 
vial containing 20 mL of chloroform (Sigma Aldrich, 98%) and stirred overnight. The 
solution was then filtered through a 0.2 µm PTFE-S syringe filter (Whatman). The 
same approach was followed to prepare phthalocyanine reference solutions for UV-
vis and PL measurements in toluene. The saturated solution was diluted 1:3 for PL 
and UV-vis characterisation in order to avoid saturating the detector of the PL 
spectrometer. 
5.2.3 Functionalisation of MoS2 with Phthalocyanine  
A 10 mL aliquot of the exfoliated MoS2 was added to 10 mL of the 
phthalocyanine solution and stirred overnight at room temperature. To remove the 
excess phthalocyanine, the mixed solution was centrifuged for 90 min at 19,000 rcf, 
the nanosheets were collected in the sediment, re-suspended in toluene (Sigma-
Aldrich, 98%) and washed 3 times with toluene following the same centrifugation 
protocol.  
5.2.4 Analysis 
5 µL of the samples were drop-cast onto silicon wafer pieces and used for atomic 
force microscopy (AFM), X-ray photoelectron spectroscopy (XPS) and Raman 
spectroscopy analyses. AFM measurements were recorded on a Bruker Dimension 
Icon AFM and XPS was measured with a Thermo Scientific K-alpha X-ray 
Photoelectron Spectrometer with an Al Kα source (λ = 8.3386 Å) and was etched to a 
depth of 5 nm. Raman spectroscopy was measured using a Horiba Scientific LabRAM 
HR Evolution Raman spectrometer, equipped with a 532 nm laser (set to 2.7 mW), a 
100x magnification lens and an 1800 lines per mm grating.  
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Photoelectron spectroscopy in air (PESA) was conducted using a Riken Keiki AC-
2 photoelectron spectrometer using samples drop-cast onto glass substrates and left to 
dry without applying heat. The samples were measured at a probe light intensity of 
100 nW and a power law of 1/3 was used to process the data.  
Liquid solutions/suspensions in toluene were used for UV-vis and 
photoluminescence (PL) measurements. A Lambda 1050 UV/VIS/NIR Spectrometer 
(Perkin Elmer) equipped with a 150 mm integrating sphere and a LS 50 luminescence 
spectrometer (Perkin Elmer) were used. 
PL decay-time measurements were conducted using a custom build instrument 
equipped with a Fianium, WhiteLase SC400-8 supercontinuum optical source 
delivering 510 nm probe light with approximately 200 W average power to the 
dropcast sample (silicon wafer substrate) with a 10 nm optical bandwidth and a 100× 
air objective. 
Transmission electron microscopy (TEM) was conducted on a JEOL 1010 (100 
kV) microscope equipped with an Orius CCD camera. Samples were prepared by 
drop-casting 5 l of the respective suspension onto a TEM grid (ultrathin carbon grid, 
Proscitec GHCCU400). 
5.3 Discussion and Results 
2D MoS2 nanosheets were prepared by grinding bulk crystals in dimethylformide 
(DMF) followed by high power ultrasonic liquid exfoliation. Surface functionalisation 
of the MoS2 nanosheets with phthalocyanine was achieved by stirring the MoS2 
suspension with an excess amount of the chromophore overnight (see experimental 
section for details).  
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Statistical analysis of atomic force microscopy data was used to determine the 
lateral size and thickness of the exfoliated pristine MoS2 nanosheets as well as the 
phthalocyanine functionalised MoS2 sheets. AFM profiles, lateral and vertical 
dimension histograms of the pristine MoS2 and MoS2-Pc are shown in Figure 5.1. 
Lateral sizing revealed that the MoS2 nanosheets were about 40-60 nm in length. This 
measurement is in good agreement with TEM imaging, which also shows lateral 
dimensions of 50-60 nm (Figure 5.3). Nanosheets featuring lateral dimensions in this 
order of magnitude are well known to exhibit quantum confinement effects which 
 
Figure 5.2: AFM characterisation of pristine MoS2 and phthalocyanine (Pc) 
functionalised MoS2 (MoS2-Pc) (a) AFM thickness profile and AFM image with the 
white line indicating the position of the AFM thickness profile, (b) frequency 
histogram of the lateral size of the nanosheets, (c) frequency histogram of the 
observed thickness of the flakes. 
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Figure 5.3: TEM images of the pristine MoS2 (a) and PC functionalised MoS2 (c). 
(b) and (d) show close up areas of the respective materials. 
alter their electronic properties when compared with their laterally large (e.g. >1 µm) 
counterparts.(148, 149) The use of laterally confined MoS2 flakes is a key aspect of 
this work, which will be discussed in further detail later on. 
The pristine MoS2 nanosheets were on average 1.4 nm thick corresponding to 
mostly bilayer MoS2 (Figure 5.2c).(150) Furthermore, AFM analysis revealed that the 
phthalocyanine functionalised MoS2 sheets were on average 1 nm thicker than the 
pristine MoS2 sample. This increase is a good indication that the phthalocyanine 
molecules, which are adhering to both sides of the MoS2 nanosheets, lie flat and form  
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monolayers on each side, since one phthalocyanine molecule is roughly 0.5 nm 
thick.(151) The parallel orientation of the phthalocyanine molecules to the substrate 
surface is attributed to the mechanism of self-organisation due to surface interactions, 
as observed with metal-free and metalated phthalocyanines on multiple substrate 
surfaces.(152-155)  
XPS spectra are shown in Figure 5.4. The observed XPS spectra of the pristine 
MoS2 (fig 5.4e) were found to be in accordance with previous reports, with the Mo3d 
spectra featuring the Mo3d3/2 and Mo3d5/2 peaks at 232.7 and 229.6 eV, 
respectively.(156) The S2p spectra exhibited the characteristic peaks for S2p1/2 and 
S2p3/2 at 163 and 161.9 eV as well as the S2s peak at 226.8 eV in the Mo3d spectra 
(fig. 5.4e).(156) The Mo3d and S2p region spectra for the MoS2-Pc sample resemble 
the results of the pristine MoS2 sample, indicating that the functionalisation process 
did not affect the 2D nanosheets. 
For the MoS2-Pc and pure free base phthalocyanine XPS measurements, the N1s 
spectra were evaluated (Figure 2c and d). The N1s spectrum of the MoS2-Pc sample 
featured peaks at 394.6, 397.8 and 399.8 eV, while the N1s spectrum of 
phthalocyanine presented peaks at 397.8 and 399.8.(157) The peak appearing at 394.6 
eV has been reported to correspond to Mo3p3/2, while the peak at 399.8 eV 
corresponds to pyrrolic and the 397.8 eV peak to pyridinic nitrogen atoms.(157, 158) 
A spectrum of the N1s region for pristine MoS2 nanosheets features only the Mo3p3/2 
peak as expected (fig 5.4e). 
The XPS data further strengthens the argument, derived by the AFM analysis,that 
the phthalocyanine molecules attach to the MoS2 surface via van der Waals forces, 
since no additional bonds were observed. Furthermore the XPS results provide  
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Figure 5.4: XPS spectra of phthalocyanine (Pc) and MoS2 nanosheets 
functionalised with phthalocyanine (MoS2-Pc); (a) Mo3d region for MoS2-Pc; (b) S2p 
region for MoS2-Pc; (c) N1s region for MoS2-Pc, (d) N1s region for Pc and (e) XPS 
of as exfoliated pristine 2D MoS2 nanosheets. Grey lines indicate the original data, 
coloured lines indicate fitted individual peaks with red corresponding to nitrogen, 
green to sulphur, and blue to molybdenum peaks, the black line represents the 
envelope of the fit. 
evidence that the phthalocyanine core remains unchanged, i.e. no metalation of the PC 
centre.(157) This indicates that MoS2 has a strong physisorption driven affinity for 
phthalocyanines and related organic dyes.(158, 159) The van der Waals based 
functionalised nanosheets were found to withstand the rigorous washing process, 
attesting to the robustness of the developed composite material.  
 92 
 
Figure 5.5: UV-vis spectra of (a) pristine MoS2, the phthalocyanine functionalised 
MoS2 (MoS2-Pc) and of phthalocyanine (Pc) and (b) (normalised and off-set applied). 
The concentrations were determined using the Beer-Lambert Law and the extinction 
co-efficient as reported by Whalley.(1) The absorption peaks of the chromophore 
would be expected to shift with varying concentration if aggregation of 
phthalocyanine had occurred. 
UV-Vis measurements were performed to examine the supramolecular structure 
of phthalocyanine in our sample, in order to assess the degree of aggregation. 
Phthalocyanines are well known to readily form supramolecular structures due their 
conjugated nature, which results in characteristic changes to their absorption 
spectra.(160) For this work, UV-vis measurements were conducted using an 
instrument equipped with an integrating sphere to eliminate scattering effects 
associated with the MoS2 nanosheets. The spectra presented in Figure 3 reveal that the 
characteristic peaks of aggregated phthalocyanine were not observed, suggesting that 
no aggregation occurred.(160) Furthermore a UV-vis concentration study of free base 
phthalocyanine in toluene was conducted for comparison (fig. 5.5), also indicating the 
absence of aggregation.  
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Figure 5.6: (a) Raman spectroscopy data of the MoS2 and MoS2-Pc sample with 
blank silicon as a reference; (inset) close up of the E2g
1 and A1g modes of the MoS2 
and MoS2-Pc spectra and (b) Raman spectroscopy of Pc. 
The pristine MoS2 UV-vis spectrum exhibited the characteristic A, B, C and 
D peaks at 660, 610, 450 and 395 nm respectively.(9) These characteristic peaks 
were also observed in the MoS2-Pc sample along with two extra peaks 
appearing at 659 and 690 nm. The positions of the additional peaks correspond 
well with the Qy and Qx bands of free base phthalocyanine.(161) The addition of 
the chromophore to the MoS2 surface significantly enhances the absorption of 
the MoS2 composite in the NIR region close to the absorption edge. This offers 
the possibility of tailoring the MoS2 absorption properties towards desired 
applications. For example, the surface functionalisation strategy developed here 
may be utilised to produce efficient 2D light harvesting layers for 
optoelectronics which are sensitive to specific wavelengths, simply tuned by  
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selectively choosing phthalocyanine derivatives with desired spectral 
properties.  
The samples were further characterised using Raman spectroscopy, which is 
routinely utilised in 2D materials research to quantify the number of layers of the 
exfoliated 2D material.(52) For this investigation, Raman spectroscopy was 
conducted with a 532 nm laser using silicon wafer substrates For comparison the 
Raman spectrum of free base phthalocyanine is also provided. (fig 5.6).   
The Raman spectrum of the phthalocyanine functionalised MoS2 features broad 
peaks in the organic region (1200-1600 cm-1) corresponding to C-C bonds of the 
phthalocyanine moiety.(9) The characteristic MoS2 E2g
1 and A1g peaks were observed 
at 383 and 406 cm-1, indicating that few layer (2-3) MoS2 was present; which is in 
agreement with the AFM measurements (fig 5.2). Upon further analysis of the 
characteristic peaks in the MoS2-Pc sample, it is observed that the E2g
1 and A1g peaks 
exhibit mode softening and are observed at lower frequencies (381 and 404 cm-1, 
respectively). This shift can be attributed to charge transfer processes (doping) 
between the phthalocyanine molecules and the 2D MoS2.(162-164) Hardening of 
these key phonon modes has been associated with p-doping of the 2D material, while 
softening indicates n-doping. 
PL is a unique property of 2D MoS2, since the bulk material is an indirect 
semiconductor and does not exhibit PL. The PL measurements were observed at 
excitation wavelengths ranging from 300 to 700 nm and a spectrum was taken at 2 nm 
intervals in order to construct 2D contour plots (fig. 5.7). The primary and secondary 
excitation peaks have been filtered out and the unfiltered contour plots can be seen in 
Figure 5.7c. 
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Figure 5.7: (a) Contour plots displaying the S1 band emissions, (b) close up 
contour plots excluding the S1 emission and (c) unfiltered contour plots. The colour 
scales are in counts. 
Due to the small emission quantum yield of 2D MoS2, the PL emerging from the 
2D nanosheets is weak when compared to the PL observed for a phthalocyanine 
solution. Comparisons of the MoS2-Pc and phthalocyanine solution contour-plots 
show minor differences in the intensity of the prominent S1 emission observed at 695 
nm (indicated by the size-variation of the red coloured area). This small change can 
be fully ascribed to concentration variations and competitive absorption, since the 
semiconducting MoS2 absorbs a significant portion of the probe and emitted light at 
the relevant excitation wavelengths. 
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Figure 5.8: Individual PL spectra excited at 400, 450, 524, 600, 650 and 700 nm with 
the S1 and S2 peaks highlighted in the 450 nm graph.  
When comparing the emission intensity of the pristine 2D MoS2 with the emission 
from the functionalised composite material, it is evident that the composite material is 
a much brighter fluorophore. This can be rationalised by comparing the emission 
quantum yields of 2D MoS2, which is typically below 1%, with the one of 
phthalocyanine, which is up to 67%in toluene.(148, 165) The strong luminescence 
could be exploited in future studies for florescent bio-imaging. Two-dimensional 
MoS2 has been investigated as a material for multimodal bio- imaging, photodynamic 
therapy and may find applications in theranostics providing a unique morphology, a 
suitable toxicological profile and good light harvesting properties. MoS2 nanosheets 
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suffer, however, from low emission yields that could be overcome via phthalocyanine 
functionalisation.(27, 166, 167)  
The PL quantum yield of MoS2-Pc was estimated to be 18.7% when excited at 
650 nm (Table 6.1 in section 5.3.1). The quantum yield is reduced to 2.4% when 
excited at 600 nm, likely due to competitive absorption. Analysing the PL contour 
plot of the pristine MoS2 sample, it becomes evident that the emission at wavelengths 
between 550 to 600 nm resulting from an excitation in the range of 480 to 530 nm is 
significantly reduced upon functionalisation with phthalocyanine (fig 5.8).  
These emission bands arise from the direct excitation of the MoS2 nanosheets. 
Emission occurs at higher than expected energies due to quantum confinement effects 
associated with the comparatively small lateral size of the mechanically exfoliated 
sheets.(148, 149) The observed quenching is in good agreement with the findings of 
Choi et al. who observed quenched emission from 2D transition metal chalcogenides 
upon functionalisation with metalated phthalocyanine molecules due to electron 
transfer from the semiconductor to the dye.(142) PL decay lifetimes of the samples 
were also measured (fig. 5.9). The decay lifetime of the phthalocyanine functionalised 
MoS2 was shorter than that for phthalocyanine in solution. This is very commonly 
observed in dye-sensitised systems and is an indication of successful charge 
transfer.(168) 
Upon further inspection of individual emission spectra at selected excitation 
wavelengths, the disappearance of a broad peak was observed in the MoS2-Pc spectra, 
which is present in the phthalocyanine spectra. This broad emission peak has been 
previously observed and corresponds to the S2 emission band, which arises from the 
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excitation of a second excited state at shorter wavelengths, featuring an emission 
quantum yield of up to 0.1%.(145, 146) A contour plot displaying the area of interest  
 
Figure 5.9: PL decay curves of the respective materials excited at 510 nm. Decay 
lifetimes are determined to be 1.08 ns, 2.82 ns and 1.41 ns for pristine MoS2, 
phthalocyanine and phthalocyanine functionalised MoS2 respectively. 
(excluding the S1 emission peak) is presented in figure 5.7b. The quenching of this 
peak can be rationalised to occur due to charge transfer from the phthalocyanine’s S2 
state to the MoS2 nanosheets. The observed frequency shifts in the Raman spectra, 
which are associated with electron transfer processes between the adsorbed dye and 
the semiconducting 2D-crystal, support this assessment.  
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Figure 5.10: Energy diagram of MoS2 functionalised with phthalocyanine. 
Excitation is indicated in orange, radiative recombination processes are indicated in 
black and charge transfer in blue. Dashed lines indicate non-radiative processes. 
Recently Choi et al. have studied charge transfer processes between 2D transition 
metal dichalcogenides and metalated phthalocyanines.(142) Efficient hole injection 
from nickel and magnesium phthalocyanine to MX2 (MoS2, MoSe2 and WS2) was 
observed. In their case, the phthalocyanine molecules acted as electron acceptors, 
rather than electron donors. For 2D MoS2 however, they found that due to a 
misalignment between the conduction band of the semisconductor and the valance 
band of the dye, charge transfer was prohibited. In their work, this was associated 
with the position of the conduction band of 2D MoS2 which was slightly lower than 
that of their selected metalated phthalocyanines. 
Figure 5.10 features the energy diagram that was established utilising PESA, to 
determine valence band positions, and PL data providing the size of the band gap 
which was used for calculating the position of the conduction bands. (figure 
5.11 for PESA data). The band energies for both MoS2 and phthalocyanine  
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Figure 5.11: PESA measurements of the pristine MoS2 (a), PC powder (b) and PC 
functionalised MoS2 (c). 
were found to be of similar magnitude and the band gap for MoS2 and 
phthalocyanine were 2.2 and 1.88 eV, respectively. It is noteworthy to highlight  
that the utilisation of laterally confined MoS2 nanosheets allowed positioning 
the semiconductor’s conduction band above the chromophore’s LUMO 
level.(148) A significant driving force of ΔG = -0.2 eV for electron transfer from 
photoexcited MoS2 to the surface adsorbed dye was observed. This process 
accounts for the significant reduction of the MoS2 associated luminescence 
evident in the contour plots and the PL spectra excited at 524 nm. Charge 
injection from the dye’s S1 state is not thermodynamically favourable and thus, 
intense luminescence from this S1 state is observed. The driving force is, 
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however, significantly larger for injection occurring from the higher energy S2 
state (ΔG = -0.3 eV). The provided driving forces are of similar magnitude to 
the ones found in dye injection processes underlying dye-sensitisation of TiO2 and 
NiO nanoparticles, which have been extensively studied for solar cell 
applications.(169, 170)  
Altogether, our finding that surface adsorbed phthalocyanine moieties can accept 
electrons from and donate electrons to the laterally confined 2D semiconductor upon 
photoexcitation opens up a host of new possibilities, since it may offer the means to 
control the semiconductor’s charge carrier densities through optical means.  
5.3.1 PL quantum yield calculations 
The PL quantum yield of the composite material was calculated for the composite 
material. For this calculation, the published quantum yield of phthalocyanine in 
toluene was used as a standard. The PL spectra shown in Figure S6 and the 
corresponding absorption spectra (not shown) were used for this calculation. The PL 
spectra were integrated to calculate the PL intensity iPL(λ) at a given excitation 
wavelength λ. The PL intensity was then corrected for variations of the absorbance of 
the sample at the corresponding excitation wavelength of A(λ) giving the corrected PL 
intensity of IPL(λ) using equation 1.   
IPL(λ)=iPL(λ)/A(λ)  [1]  
Using the literature value for the PL quantum yield (QY) of phthalocyanine in 
toluene being QY(Pc)= 0.67 the QY of the composite at a given wavelength can be 
calculated using equation 2.(165)  
QY(MoS2-Pc)= [IPL(λ)(MoS2-Pc)/ IPL(λ)(Pc)]×0.67 [2]  
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For an excitation wavelength of 650 nm, a quantum yield of 18.7% was calculated 
for the phthalocyanine functionalised MoS2 nanosheets, and 2.4% when an excitation 
wavelength of 600 nm is used. The lower yield observed in the second case is due to 
competitive absorption effects.  
Table 5.1: Summary of observed and literature luminescence quantum yields for 
key transitions, *literature values, Γ spectral feature not observed, luminescence yield 
is close to 0%, # given yield is for excitation at the dye’s Qy band at 650 nm. 
Transition MoS2 Pc-S1 Pc-S2 
Pc n/a 67%(146)* 0.10%(146)* 
MoS2 <0.3%(148)
* n/a n/a 
MoS2-Pc ~0%
Γ 18.70%# ~0% Γ 
 
5.4 CONCLUSIONS  
This work demonstrated the functionalisation of liquid exfoliated 2D MoS2 
nanosheets with a free base phthalocyanine. Successful van der Waals 
functionalisation of the nanosheets was confirmed with AFM and XPS. AFM analysis 
showed a thickness increase of approximately 1 nm, indicating that both sides of the 
2D MoS2 were covered with a monolayer of phthalocyanine molecules. XPS analysis 
illustrated that the phthalocyanine molecules were not deprotonated and that the 
chromophore adhered to the MoS2 sheets using van der Waals forces. Raman 
spectroscopy, PL spectroscopy and PESA revealed that the 2D MoS2 nanosheets’ 
conduction band is placed between the S1 and S2 energy states of the chromophore 
and photoinduced charge transfer processes between the phthalocyanine and 2D MoS2 
nanosheets occur. The phthalocyanine moieties were found to act as either an electron 
donor or acceptor, depending on the excited transition. Analysis of the energy 
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diagram in conjunction with the selective quenching of the S2 emission of the 
phthalocyanine points towards a hot electron injection process, which has not been 
observed previously in chromophore functionalised 2D MoS2. In accordance with 
previous studies, the electron transfer from the photoexcited semiconductor to the dye 
was observed. Charge transfer from the dye’s S1 state was not favourable and 
consequently intense luminescence was seen. The reported findings illustrate the rich 
optical properties of the developed materials, providing ample opportunity for further 
studies.  
The designed composite material and the observed processes may find 
applications in sensing, energy conversion and as fluorescent probes. The developed 
synthetic procedure for surface functionalisation is highly versatile and 
straightforward. Thus, a vast range of planar porphyrin and phthalocyanine 
derivatives can be utilised to create 2D MoS2 nanosheets with tailored absorption and 
emission profiles. This is expected to lead to enhanced performances in applications 
such as bio-imaging, where MoS2 nanosheets are utilised due to their unique 
morphology, but their low fluorescence quantum yield is a significant impediment. 
Furthermore, the phthalocyanine’s central coordination cavity can be used to bind 
metals, which could lead to sensors with extraordinary sensitivity and catalysts with 
enhanced performance due to the activation of the inert basal plane. Modification of 
the phthalocyanine molecule’s structure with the aim to re-align the bands, enabling 
efficient injection from the S1 state is also expected to lead to efficient 2D material 
based photovoltaics, photodetectors and photocatalysts. Exploitation of the dye’s 
central cavity may furthermore lead to highly sensitive metal ion sensors and 
ionophores.  
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Chapter 6  
Conclusions & Future Work 
6.1 Conclusions 
The efforts of this PhD research were devoted to bridge the research gaps as 
discussed in the previous chapters. The research outlined in this PhD thesis focused 
on two main objectives; the first was to investigate alternative solvents for the 
exfoliation of layered MoS2 by ultrasonication and the second was to characterise the 
electronic effects of 2D MoS2 when functionalised with simple organic molecules via 
both covalent bonding and physisorption. This research was organised and pursued in 
three major stages.  
6.1.1 Stage 1    
Through a thorough review of the current literature, it was identified that the 
removal of residues from the surface of exfoliated 2D MoS2 had remained a 
significant challenge for the ultrasonication assisted exfoliation method.  In this 
preliminary PhD study, the exfoliation of 2D MoS2 was examined to obtain clean 
surfaces that were residual free of the solvents used in the exfoliation process. A two 
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solvent exfoliation procedure was developed that incorporated an additional grinding 
step to increase the resulting yields and was for the introduction of defects,  to the 
surface for later purposes. The solvents used in this study were selected on the basis 
of their boiling points, which was required to be less than the boiling point of N-
methylpyrrolidone (NMP). The solvents chosen to participate in the grinding step 
were: acetone, acetonitrile (ACN), benzene, cyclohexane, hexane, isopropanol, 
methanol and toluene, while the sonication was conducted in ethanol. It was shown 
that the lateral sizes and thicknesses of 2D MoS2 sheets were highly dependent on the 
grinding solvent as revealed by characterisation methods including atomic force 
microscopy (AFM), dynamic light scattering (DLS) and photoluminescence (PL) 
spectroscopy.  
This investigation highlighted the significance of the grinding step during the 
exfoliation process of 2D MoS2, which is poorly understood to date.  It was found that 
the grinding step together with the selection of grinding solvent played integral roles 
to the quality and yield of the resulting 2D MoS2. Raman spectroscopy revealed that, 
despite yielding the highest quality 2D MoS2, the residual contamination of NMP on 
the surface of the 2D MoS2 was the highest, even after post processing. As a result of 
this study, ACN was identified as a promising alternative to NMP due to satisfactory 
exfoliation yield and its complete removal from the surface of 2D MoS2. Furthermore, 
conductive AFM, not only confirmed the presence of defects from the grinding step 
but also, revealed increased sheet conductivity localised around these defective sites.  
6.1.2 Stage 2 
Utilising the defects formed from the exfoliation method in the previous study, the 
2D MoS2 sheets were functionalised using simple thiols. The electronic characteristics 
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of these functionalised 2D MoS2 nanosheets were then investigated. In an effort to 
fully observe the electronic effects caused when 2D MoS2 is functionalised, various 
simple organic thiols, possessing one functionality each, were examined. The thiol 
functionalities were observed in two scenarios; the first was the addition of aromatic 
thiols to the surface and the second is with alkyl thiols with varying carbon chain 
lengths. The covalent binding of the thiols to the surface was confirmed by attenuated 
total reflectance infrared spectroscopy (ATR-IR) and x-ray photoelectron 
spectroscopy (XPS), where attachment of the thiol to the 2D MoS2 substrate was 
characterised by the absence of the S-H peak in both of these methods. The 
photoluminescence spectroscopy (PL) data suggested the formation of shallow trap 
states, as indicated by a red shift, due to the surface functionalisation. Interestingly, 
the direct transitions of the functionalised 2D MoS2 all remained at ~1.9 eV, despite 
thiols of varying functionalities being used. Furthermore, the electronic band 
structures were constructed using results obtained from the photoelectron 
spectroscopy in air (PESA), PL spectroscopy and valence band XPS analysis data. 
Cathodic shifts of the valence and conduction bands, of up to 500 meV, and changes 
in the Fermi levels were observed. These alterations were associated to be dependent 
on the Lewis basicity of the thiols and its functionalities. From these findings, it can 
be suggested that the observed shifts may be utilised to tune the band alignment of 
MoS2 at material interfaces. Such modifications can be used for optimizing the 
operation of functional devices and catalytic systems based on 2D MoS2. 
6.1.3 Stage 3 
Inspired by the electron donating effects observed by addition of the aromatic 
thiols to surface, 2D MoS2 was then functionalised with a simple organic dye; metal 
free phthalocyanine (Pc). Unlike the attachment of the thiols in the previous study, 
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given that the chemical structure of the dye has no dangling bonds or thiol moieties, 
the attachment of the Pc was achieved via van der Waals forces as revealed by AFM 
and XPS. This was a very important observation as there is barely any published 
literature that examines the functionalisation of a 2D substrate via physisorption. The 
electronic band structure was elucidated from PESA, PL and XPS spectroscopies and 
indicated a direct charge transfer between the dye and the 2D material. The 
spectroscopic data revealed that the conduction band of the 2D MoS2 laid between the 
S1 and S2 energy states if the phthalocyanine allowing for charge transfer between 
the 2D MoS2 and the dye; despite being previously reported as prohibited. This 
observation illustrated the rich optical properties of the developed materials, 
providing ample opportunity for further studies. 
6.2 Future Work 
While the research presented in this PhD thesis has demonstrated novel outcomes, 
there are still ample research opportunities for extending the scope of the work 
further.   
The initial study exploring different solvents for the exfoliation of 2D MoS2 
highlights the significance of the grinding step, which, to date, has been over looked 
and is poorly understood. Despite the fact that a few critical suggestions were created 
by the study of this PhD research, further research into the fundamental mechanisms 
should be conducted in order to optimise the exfoliation yields and larger lateral sizes 
of the 2D MoS2.  
Furthermore, functionalisation by covalent bonding and physisorbtion are both 
areas worth exploring and expanding. On the basis of the outcomes obtained based on 
functionalisation processes using thiol groups, further studies of the area can in 
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examined where the simple biological materials, such as peptides, antibodies and 
small proteins, can be utilised as the functionalization agent. Decorating the surface of 
2D MoS2 with biological materials may allow for further energy band alignments or  
can act as anchoring sites or ‘connectors’ for cells to adhere to the surface to trigger 
an electronic response, which can have the potential for incorporation into bio-
imaging applications. Functionalisation onto a contrasting substrate may also yield 
interesting outcomes that may or not agree with the findings presented here. Covalent 
functionalisation through other functional groups other than the thiols, will express 
different characteristics as the ones reported here. The electronic effects may allow 
for more precise or predictable tuning of the electronic structure or may have novel 
effects on the band gap and Fermi levels.    
In regards to the functionalization of 2D MoS2 with chromophores, potential 
future research can include replacement or addition on the metal centre and then 
characterising the electronic profile for use in applications such as heavy metal 
sensing. Another possible investigation may examine the use of varying metal free 
porphyrins, i.e. differing degree of conjugation or the presence of selected dangling 
bonds, and their effects on the electronic structures and luminescence properties to 
construct a library of functionalising agents.  
6.3 Journal publications 
The research conducted by the author of this PhD dissertation resulted in ten peer-
reviewed journal publications, of which, four were as first author. The list of 
manuscripts is as follows: 
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